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ABSTRACT 
The aims of this study were to deteimine the temporal relation-
ships, using K-Ar dating, of the complex magmatic events in the 
Scottish Carboniferous Petrographic Province. Volcanic activity was 
almost continuous in. Scotland between the early Carboniferous and the 
early Permian; 'it reached its maximum intensity in the IJinantian. The 
main problems studied were the age relationships among the major 
Dinantian lava piles which are coi;piiat 	r 	 uncertainties 
and those between the Silesian extrusive activity and the large number 
of post-Dinantian intrusions. Various, aspects of Scottish Carboniferous 
geology are reviewed. 
The reliability of K-Ar whole-rock basalt ages has been assessed. 
Replicate age determinations on single flows agree well. The degree 
of sample alteration is a broad indicator' of the extent of argon loss. 
The least altered whole-rock sample dates agree with those of good 
mineral geochronometers. Samples with large phenocrysts tend to have 
age, variations of several percent. Hence, only size fractions of 
4200,iLm were analysed. 'Crushing reduced the amount of green alteration 
minerals which are liable to lose argon and contain much of the 
sample atmospheric argon. The use of isochron analysis for objective 
age interpretation has not been successful in practice because of argon 
loss and atmospheric contamination in samples, despite precautions 
taken to reduce the latter. 
Over 30 dates from the Clyde Plateau Lavas, indicate that the bulk 
of the lavas were erupted between 330 and 320 m.y.(mid-Dinantian or 
later) contrary to earlier correlations with the early Dinantian 
East Lothian lavas, previously dated at c. 345 m.y. Estimated ages of 
the Burntisland and West Lothian lavas are C. 320 m.y. and 320-310 m-y. 
respectively. It is argued that geological evidence indicates that 
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acid and basic Border intrusions dated at c. 330 my. and the early 
Asbian Glencartholrn Tuff Beds are related. Thus, in the Dinanitian, it 
is proposed that an early phase of volcanism, 355-340 m.y., was 
followed by uplift and erosion and then by intense volcanism from 
330 to 315 rn.y. 
The alkaline dolerites of Fife and the. Lothians were intruded 
between 315 and 295 m.y. Following the cessation of activity in 
West Lothian at C. 310  M.Y. volcanism in the eastern Midland Valley. 
was sporadic and mainly intrusive. The Ayrshire Passage Group lavas 
are 300-305 m.y. and were succeeded by a period of teschenite intrusion 
between 300 and 290 m.y. in that area. The quartz-dolerite phase at 
290-295 m-y. was followed by the emplacement of neck intrusions in 
East Fife between 280 and 290 m.y. The early Permian Mauchline lavas 
and the Ayrshire kylitic intrusions are 280 ± 5 m.y. The intrusion 
of the N. Ayrshire and Glasgow teschenites and the Highland lamprophyres 
occurred at c. 270 m.y. 
A revised Carboniferous time-scale in which the Dinantian-
Silesian boundary is at 315 m.y. and with changes in other. boundaries 
based on the above ages, is suggested. 
It is shown that the Carboniferous magma becomes increasingly 
undersaturated with time and that a similar short-term trend occurs 
within each volcanic episode. The main features of Midland Valley 
magmatism can be explained by the growth, maturity and decline of a 
single thermal cycle, complicated by outside tectonic control. 
The tectonic setting of Midland Valley volcanism to the rear of 
a Hercynian destructive margin may be analogous to that of basaltic 
volcanism in East Asia, developed well to the rear of the Western Pacific 
arcs. Mantle upwelling related to subduction results in alkaline 
magmatism in areas of tensional tectonics. 
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CHAPTER 1 
INTRODUCTION 
1.1 	Carboniferous Volcanism 
The magmatism occurring in the Carboniferous and early Permian 
in Scotland, which comprises the Scottish Carboniferous petrogenic 
province, was continental in nature with alkaline affinities; a brief 
tholeiitjc episode occurred towards the end of the cycle. Over a 
hundred years of intensive study has resulted in a clear understanding 
of the spatial distribution of the volcanic rocks. It is the aim of 
this thesis to use isotopic dating to establish the temporal relations 
within this complex magmatic cycle. 
Volcanic activity of one kind or another occurred almost 
throughout the Carboniferous in Scotland, most of it being concentrated 
in the Central Valley (the Midland valley graben). There was also 
considerable volcanism in the early Carboniferous in Southern Scotland 
at the edge of the Northumberland Trough. Volcanism in the Midland 
Valley, as in most continental rift valleys, was largely of alkaline 
character, although not comparable with volcanism in the Oslo, Rhine 
and East African rift valleys. For instance, the proportion of 
peralkaline products is very small. The Lower Carboniferous volcanism 
was by far the most important.volumetrically, with the formation of 
several lava piles; Upper Carboniferous volcanism was mainly notable 
for the variety of the hypabyssal intrusions and the greatly increased 
proportion of pyroclastics. 
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1.2 	History of Research 
The products of this volcanism are very prominent and have 
exerted a profound control on the landscape of the Midland Valley. 
They have attracted a great deal of attention because of their 
proximity to major towns and cities. Geological investigations of 
the Carboniferous volcanics have therefore had a long history going 
back to the time of James Hutton, and very probably before. The 
history of research following Hutton may be divided into three 
overlapping phases. The first phase, the investigations into the 
occurrence and mineralogy of the volcanics, accompanied by speculations 
on their age, coincided with the development of basic geological 
concepts. The next, started by Geikie in the 1860 1 , was the 
systematic study of the volcanics: detailed mapping, petrographic 
studies and some chemical classification; it was a period of rapid 
advance in the understanding of the Carboniferous volcanism. The 
intensive mapping programme undertaken by the Geological Survey from 
about 1900, was carried out by some illustrious geologists, foremost 
amongst them being E.B. Bailey, B.N. Peach, C.T. dough, A.G. MacGregor, 
W.Q. Kennedy and J.E. Richey. Most notable of the non-survey 
geologists was G.W. Tyrrell, who made an outstanding contribution to 
the petrology of the late Carboniferous alkaline rocks. Following 
this great accumulation of knowledge, largely in the first quarter of 
this century, interest in the Carboniferous volcanism seems to have 
waned. The third phase of research, presently in progress, may be 
said to be the application of modern ideas and techniques (e.g., the 
electron probe, experimental petrology, isotopic studies, etc.) to 
understand problems of petrogenesis, volcanology and tectonics. 
Progress has been slow and much remains to be done. 
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1.3 	Statement of Problem 
Knowledge of the stratigraphic ages of the Carboniferous lavas 
grew with advances in Scottish Carboniferous biostratigraphy and is 
still very dependent on it. The distribution and relative ages of 
the lavas are now known in great detail - understanding of the three-
dimensional distribution of the igneous rocks is quite exceptional; 
largely the result of the exploration for coal. There are, nevertheless, 
age uncertainties between the early -Carboniferous lava fields because 
of the lack of suitable fossiliferous horizons. The age relationships 
of most of the intrusions are also uncertain. Although the ages of 
a few plugs or dykes seem clear cut, where there is an obvious link 
between the intrusions and lavas, the ages of the. bulk of the intrusions 
need to be worked out indirectly. As Tyrrell (1923) pointed out, 
"The data as to age relations . . . contain nothing absolutely 
inconsistent with the idea of a Cainozoicage for the whole of the 
intrusive analcime-bearing igneous rocks of Scotland," although this 
is highly improbable. Thus the potential of isotopic dating of the 
lavas and intrusions in order to obtain an integrated volcanic history 
of the province is obvious. 
In contrast to the abundance of mineralogical information from 
the Carboniferous volcanics, the amount of chemical data available is 
extremely limited; a significant proportion of analyses are from 
intrusions the ages of which are uncertain, considerably reducing their 
value. In his recent review of the petrochemistry of the Scottish 
Carboniferous petrographic province, Macdánald (19 75) drew attention 
to the fact that the lack of age control on many lavas and intrusions 
was a big weakness in developing models for the petrochemistry of the 
province. The periods of time over which changes in magma chemistry 
take place are not readily obtained from a relative time-scale. 
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Knowledge of such time-scales is an important factor in models of 
magma evolution and may be useful for comparisons with other igneous 
provinces where the processes of magmatic eovlution are better 
understood. 
A study of the magmatic evolution of the Scottish Carboniferous 
petrographic province can also lead to an improved understanding of 
the tectonic evolution of the area as most igneous activity is a 
reflection of particular. tectonic environments. The change from the 
calc-alkaline volcanism associated with the Caledonian orogeny in the 
Lower Devonian to the predominantly anorogenic alkaline volcanism in 
the Carboniferous is a clear example of the relations between magmatism 
and tectonics. The nature and mechanisms of intra-plate stresses and 
the causes of associated volcanism are poorly understood, although some 
progress has been made in the last few years. Dating of the igneous 
episodes in the Midland Valley may be helpful in studying the relationship 
of Midland Valley magmatism and tectonics to orogenic episodes in the 
Hercynian orogeny and to other tectonic events. 
Another aspect of this project is the value of the ages of the 
volcanic rocks for a Carboniferous time-scale. One of the main 
pre-requisites of successful time-scale work is attained in the 
Scottish Carboniferous, i.e., volcanic rocks are interbedded with 
fossiliferous sediments. Although the detailed stratigraphic age of 
some of the lavas is uncertain, despite advances in the use of 
palynological methods (of stratigraphy in Scotland), isotopic ages of 
the lavas would be very useful in constructing a Carboniferous time-scale. 
As the ages would be from a single province, the uncertainties of 
long-distance correlation can be avoided. Furthermore, the principle 
of superposition can be used in interpretation. Ages from intrusive 
bodies may also be used where mineralogy or intrusive form suggest a 
link with a group of lavas. These, however, have to be used with 
caution: some boundaries in the current Carboniferous time-scale are 
based on ages of intrusive bodies whose stratigraphic ages are 
uncertain. 
1.4 	Sampling 
The relatively large area covered by the Clyde Plateau lavas, 
together with the lack of outcrops in many other areas, has resulted 
in an uneven sample collection. Where possible samples were collected 
from the top and bottom of the lava sequences, so as to define the 
extent of volcanic activity closely, but the altered nature of-many of 
the lavas limited this type of sampling. The vent intrusions, which 
are much fresher than the lavas, were also sampled,' but the problem 
of whether they were lava-feeders or later intrusions makes their ages 
of less value. 
The petrographical sections of the Geological Survey memoirs 
and the many petrological papers were consulted for information about 
the fresher lavas or datable minerals. In the areas where this 
information was lacking (e.g. Renfrewshire Hills) relevant field maps 
and thin sections from the I.G.S. collections were examined. Over 
500 thin sections of Midland Valley lavas and intrusions, from the 
I.G.S., the Hunterian Museum, Glasgow, and various other collections, 
were examined during the course of this study. The author has also 
relied to a great extent on information and specimens from geologists 
mapping in the Clyde Plateau lavas. In particular,.samples were 
provided by Mr P. Craig from the Campsies and Kilsyth Hills (prefixed 
-'ZP)); by Dr J. G. MacDonald from the Campsies (prefixed TA or 
and by Dr R. Macdonald from Kintyre (prefixed 'MV'). The majority of 
the samples were collected - by the author and are prefixed 'HS'. 
CHAPTER 2 
THE CARBONIFEROUS AND PERMIAN GEOLOGY OF SCOTLAND 
2.1 	Structural Evolution of the Midland Valley 
2.1.1 Pre-Carboniferous history 
The Midland Valley is identifiable as a structural unit from 
Ordovician times (Kennedy, 1958; George, 1960). Recent geological and 
geophysical observations (Upton et al., 1976; Bamford et al., 1976) 
indicate that the region is underlain by continental crust; the regional 
gravity high over the Midland Valley (McLean & Qureshi, 1966; Abedi, 
1973) and seismic data (Bamford et al., 1977) suggest that the Lower 
Crustal layer is composed of Lewisian rocks. 
The major bounding faults, the N.E. trending Highland Boundary 
Fault and the Southern Uplands Fault (Fig. 2.1) are of Caledonian age 
and have complicated histories; the Southern Uplands Fault is the 
younger. In the last ten years, plate tectonic interpretations have 
provided new insights into the Caledonian evolution of the area and 
the role of the Highland Boundary Fault and the Southern Uplands Fault 
(e.g. Phillips et al., 1976; Wright, 1976). By the end of Silurian 
times both were clearly defined. Continental collision at about this 
time welded Britain into a single block; the suture zone is thought 
to be in the Solway area, which may have influenced the formation of 
the Carboniferous half-graben in the Northumberland Trough (Leeder, 
1974; Phillips et al., 1976). 
In the Devonian, the Midland Valley was an inter-cordilleran 
trough with molasse-type sedimentation and considerable calc-alkaline 
volcanism. Leeder (1976) has suggested that the formation of the 
trough was a consequence of granitic injection to the north and south, 
causing rapid ver...tical movements in these areas and leading to 
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'decoupling' of the trough along pre-existing structures. 
The mid-Devonian' movements brought about the first expression 
of the region as a rift (George, 1960). The Highland Boundary 
Fault appears to have been a high angle reverse fault at this time 
,(Qureshi, 1969); it is unlikely to have developed from a pre-existing 
thrust as postulated by Kennedy (1958). The Ochil Fault and the 
major north-easterly fractures in Ayrshire were probably initiated 
during these disturbances (McLean, 1966; Mykura, 1967; Francis et al., 
1970; Abedi, 1973). 
2.1.2 Carboniferous movements 
The early Carboniferous movements are not easily distinguished, 
as there was a continual movement along the major Midland Valley. 
structures in later Carboniferous times. Geophysical work by Hall 
(1974) indicates movements along N.E. and W.N.W. trending faults in 
the western Midland Valley from late Devonian times. This may reflect 
the development of a grid fault pattern, as noted in many rifts 
(Ramberg & Smithson, 1975). The main structural grain in early 
Carboniferous times, however, was predOminantly N.E--S.W. in direction. 
This is indicated not only by the N.E. trend of major faults, but also 
by N.. E. trending dykes associated with the Dinantian volcanism. 
The impression given by the symmetry of the major bounding faults 
that-the Midland Valley developed as a true graben may be misleading. 
George (1960) has drawn attention to the variability in throw along the 
Highland Boundary Fault and the Southern Uplands Fault in Carboniferous 
times, indicating that they did not greatly revive the tectonic rift 
developed in the mid-Devonian. In fact, the major N.E. or E.N.E. 
trending structures inside the 'rift' seem to have exerted a greater 
control on sedimentation and volcanism. 	, 
On the northern flank, the Ochil Fault (Fig. 2.1), a high angle 
normal fault with a throw of over 3,000 m to the south, was an important 
control on depositioh and subsidence to the east of Stirling (Francis 
et al., 1970; Abedi, 1973). West of Stirling, however, the Fault is 
greatly reduced in importance. Movement may have occurred along 
parallel or sub-parellel fractures to the south, such as the Carnpsie 
Fault (see Fig. 9.1), which is known to have influenced sedimentation 
in the Central Basin. North of the N.E.-S.W. Dumbarton-Fintry line 
(Whyte & MacDonald, 1974) volcanicity is much reduced, indicating some 
kind of underlying control in this area. In Ayrshire the Inchgotrick 
Fault and its north-easterly extension, the Wilsontown Fault, formed 
a major barrier to the southward spread of the lavas in the Dinantian 
and separated the Ayrshire shelf from deposition to the north. 
Unlike the. Highland Boundary Fault, the Southern Uplands Fault 
and associated faults were a major influence on sedimentation in the 
southern Midland Valley. Repeated uplift of the Southern Uplands block 
ensured that the-area was a barrier to sedimentation in the Dinantian 
(except in the Dunbar area). Partial submergence of the Southern 
Uplands block occurredin the Silesian. 
The Carboniferous sediments were deposited on an irregular floor 
with differential subsidence causing variations in sedimentation 
(Richey, 1937; Kennedy, 1958). On the Ayrshire shelf the variations. 
were caused by the major north-easterly faults. The overall pattern 
of subsidence from the late Visean to mid-Namurian times was interrupted 
by a general ,upward movement in the early Namurian (Goodlet, 1960). 
The Burntisland Arch, an area of minimum subsidence between the 
Midlothian and Central Basins, is a conspicuous feature which was the 
focus of the volcanism in mid-Carboniferous times.. A control by partial 
melting at depth for this feature has been suggested by Leeder (1972). 
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Towards the end of Namurian times there was general uplift of 
the Midland Valley floor, although sedimentation did not cease in all 
areas. The pattern bf variation in the Westphalian is less well known. 
According to Kennedy (1958), there was general subsidence of the floor, 
combined with an anticlinal flexuring of the basin along an E.-W. 
axis diagonally across it. Maximum downward movement was in the north-
east and south-west. In the latter area the N.E.-S.W. faults continued 
to influence sedimentation (Mykura, 1967). Carboniferous sedimentation 
was brought to an end by a period of uplift in late Upper Coal Measures 
times (end Westphalian). 
From an analysis of Carboniferous structures, Anderson (1951) 
proposed that the Midland Valley was subjected to Armorican north-south 
compressional stress during much of the Carboniferous, followed by the 
Borcovician tensional stress system responsible for the E.-W. normal 
faults. This analysis was largely accepted by Kennedy (1958) and 
George (1960) in their descriptions of Midland Valley structural history. 
However, McLean (1966) and Mykura (1967) demonstrated that the N.E. 
faults in Ayrshire are all normal faults, as is the Ochil Fault. Hence 
there is no doubt that the Midland Valley was under a N.W.-S.E. to 
N.-S. tensional stress field throughout the Dinantian and probably well 
into the Silesian. 
The period of E.-W. normal faulting, associated with the 
emplacement of the quartz-dolerites in late Westphalian-early Silesian 
times is in marked contrast to the general pattern of faulting along 
a Caledonoid axis earlier. Similarly the formation of the N.W.-S.E. 
trending Permian basins and associated normal faults implies a complete 
change in direction of stress pattei'ns in Permo-Carboniferous times. 
Folding of the Carboniferous strata along N.N.E. or N.-S. lines is. 
thought to be post-Carboniferous in age (Kennedy, 1958). In south-west 
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Ayrshire, Mykura (.1967) concluded that the N.E. trending folds were 
developed throughout the Silesian associated with movements along 
the N.E.-S.W. trending normal faults, while a period of E.N.E.-W.S.W. 
compression following the deposition of the Permian Mauchline sandstone 
was responsible for the N.W. trending folds. In East Fife, Forsyth 
&Chisholm(1977) suggest that there was a period of E.-W. compression 
in the Silesian; but the main movements along the strike slip Ardross 
Fault post-date the emplaêement of the Stephanian necks. The evidence 
from the two areas implies that the main period of roughly east-west 
compression was post-New Red Sandstone in age. The Permo-Carboniferous 
normal faulting probably reflects brief tensional episodes in a period 
of mainly compressional tectonics. 
2.1.3 Northumberland Trough and regional structural setting 
The Carboniferous in Southern Scotland (Fig. 2.2) outcrops along 
the northern margin of the Northumberland Trough - a major sedimentary 
basin in which up to 4 km of sediments were deposited. This feature 
was established in the late Devonian-early Carboniferous during a 
period of basin/block differentiation in Northern England (Leeder 1976a,b). 
The initiation of this feature (an incipient half-graben, Leeder, 1974) 
was accompanied by alkali-basalt volcanism and downwarping along its 
northern margin, and 'downfaulting along the Stublick/90 Fathom Faults 
on its southern margin. No major faults are found along the northern 
margin. 
During the Lower Carboniferous there was steady subsidence of 
the floor of the basin 'and a great thickness of sediments deposited. 
Periods of instability in. the early Namurian were followed by uplift 
and erosion prior to the deposition of We'stphalian sediments. Towards 
the end of the Carboniferous there was a period of non-deposition during 
which the Carboniferous rocks were folded and faulted (Greig, 1971). 
11 
In the early Permian, a change in the stress pattern led to the 
formation of a number of small N.W.-S.E. trending basins in which the 
New Red Sandstone wa deposited. 
The Midland Valley and the Northumberland Trough were only two 
of a series of N.E.-S.W. to E.W. trending intercratonic basins in 
Britain and Ireland in the Carboniferous. Basin margins were usually 
N.E.-S.W. trending syndepositional normal faults or hinges indicating 
a similar tensional stress field orientation as in the Midland Valley 
(Leeder, 1972). Minor outbursts of alkaline volcanism were localised 
along these faults or hinge lines (Francis, 1970). Broadly, two 
periods of volcanism may be distinguished in the Dinantian: an early 
Tournaisian outburst mainly on the Northumberland Trough margins 
(Kelso Traps, etc.) and a more widespread middle to late Visean outburst 
(Glencartholintuffs, Derbyshire. dome, etc.). There is no apparent 
pattern to the Upper Carboniferous activity which is mainly intrusive. 
In the late Carboniferous the former basinal areas were uplifted and 
deformed by a lIercynian N.N.E.-S.S.W. to E.W. compressional stress 
field (e.g. Fitch & Miller, 1967) roughly similar in direction to that 
operating in the Midland Valley. The Whin Sill was intruded in a brief 
tensional episode in northern England contemporaneously with the 
Midland Valley Sill and the Cornish granites (Fitch & Miller, 1967). 
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2.2 	Stratigraphy 
2.2. 1 Introduction 
A knowledge of Scottish Carboniferous stratigraphy is essential 
to appreciate the nature and distribution of the Carboniferous volcanics 
and to interpret their ages. In this section the stratigraphy and some 
of the problems associated with correlation are. briefly discussed. 
The stratigráphy of the province is known in great detail and 
correlations of the Upper Carboniferous, at least, with other areas of 
Carboniferous sedimentation are fairly well established. Major reviews 
of Scottish Carboniferous stratigraphy include papers by MacGregor (1931), 
George (1960) and Francis (1965). 
More than 4000 in of sediments were laid down in two narrow, 
elongate basins; the Midland Valley in Central Scotland (Fig. 2.1) and 
the Northumberland Trough in the South of Scotland and in Northern 
England (Fig. 2.2). The sediments, consisting mainly of limestone, coal, 
sandstone, shales, marls and seat earths, were laid down in cyclic or 
rhythmic sequences.. 	 . 
2.2.2 Methods of correlation 
In the early Dinantian, the Midland Valley and the Northumberland 
Trough were separated by the Southern Uplands massif and detailed 
correlations between the two areas are difficult to establish. In the 
Midland Valley especially, differential subsidence and the development 
of volcanic barriers led to the formation of small isolated basins. 
Litho- and bio-stratigraphic correlations are difficult to apply on 
a regional basis because of the lateral variability of the sediments 
and the absence of diagnostic faunas (George, 1969; George et al., 1976, 
Wilson, 1974). The recent development.of a zonal scheme based on spore 
and pollen assemblages in the Dinantian of Scotland (Neves et al., 1972, 
1973) has been of great value in the correlation of the early Dinantian 
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sediments. There ,- are problems, however, in relating these zones to 
established faunal sequences elsewhere (George et al., 1976). The use 
of faunal zones for correlation is only possible for the late Dinantian 
and younger strata. 
George et al. (1976) have recently proposed a new set of 
regional stages (chronostratigraphic divisions) for the Dinantian of 
the British Isles, to replace existing. zonal schemes. These stages 
(Table 2.1) are based on faunal zones and coincide with the major 
transgressive and regressive cycles of Ramsbottom (1973). As neither 
of these can be recognised in the early Dinantian of Scotland it is 
proposed, therefore, to continue the use of the existing lithostratigraphic 
nomenclature and the miospore zones of Neves et al. (1973) in addition 
to the new stages. 
Correlations within the Upper Carboniferous of Scotland and with 
other provinces, present relatively few problems. The Namurian 
sequence of goniatite stages is recognised over the whole northern 
hemisphere (Ramsbottom, 1969). The Westphalian marine bands dividing 
the Coal Measures in Scotland (MacGregor, 1960) are recognised in the 
rest of the British Isles and coincide with the boundaries of the 
standard Westphalian stages. Further sub-divisions in Britain are 
based on non-marine lamellibranch assemblage zones of widespread 
application (Calver, 1969). Strata of Stephanian age have not been 
recognised in Britain. 
2.2.3 The Dinantian of Central Scotland 
The Dinantian in the Midland Valley consists of the Calciferous 
Sandstone Measures (C.S.M.)., comprised of the Cementstone and Lower 
and Upper Oil Shale Groups, and the Lower Limestone Group of the 
Carboniferous Limestone Series of Scotland (Table 2.1)(MacGregor, 1960). 
The base of the Carboniferous in Scotland is taken as the first 
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Cementstone, but there are suggestions that the Upper Old Red Sandstone 
(O.R.S.) fades persisted into Carboniferous times (e.g. Waterston, 1965). 
George (1958) believes that no Tournaisian sediments are preserved in 
Scotland and that the earliest cementstones are of Visean age. However, 
Sullivan (1968) and Neves & loannides (1974) have established that some 
of the cementstones (in Ayrshire and in East Lothian) belong to the 
CM miospore zone, which is of Tournaisian age. Spores of two lower 
Tournaisian miospore zones have not been found in the underlying O.R.S. 
facies, and at present there is no unequivocal fossil evidence on 
this problem. 
The C.S.M. sediments are largely non-marine and consist of 
rhythms of mudstones, dolomitic limestones, sandstdnes and marls, some 
of the latter being derived from the erosion of the volcanic platforms. 
They exhibit large variations in thickness, ranging from a few metres 
in parts of Ayrshire to over 2,000 m in East Fife. In West and Mid- 
Lothian about 2,000 m of sediments were deposited; they. are divided into 
Lower and Upper Oil Shale Groups by the freshwater Burdiehouse Limestone. 
In East Lothian the C.S.M. sequence has been divided into Lower and 
Upper Lothian Groups at the MacGregor Marine Bands (Wilson, 1974).. 
These marine bands can be correlated with marine bands below the 
Burdiehouse Limestone in West Lothian (the Puinpherstone Shell Band) 
and with the Pitteriweem Marine Band in East Fife (Forsyth & Chisholm, 
1977). The marine bands can also be tracd into the Northumberland 
Trough (Wilson, 1974). 
Volcanic rocks occupy much of the Dinantian sequence in other 
parts of the Midland Valley, and they range from the Upper Cementstone 
Group to the Upper Oil Shale Group in age (Fig. 2.3). In West Lothian 
numerous tuff bands occur in the upper part of the Upper Oil Shale Group, 
marking the commencement of volcanism (Mitchell & Mykura, 1962). In 
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the Burntisland area much of the Upper Oil Shale Group consists of 
lavas and activity continued into Lower Limestone Group times 
(Allan & Knox, 1934). 
In the West and Central part of the Midland Valley, the C.S.M. 
sequence consists of a Lower and Upper Sedimentary Group, divided by 
the Clyde Plateau lavas. The Lower Sedimentary Group is the local 
equivalent of the Cementstone Group. The Upper Sedimentary Group 
marine limestones of late Visean age (Sullivan & Marshall, 1966) are 
correlated with marine bands in the Upper Oil Shale Group (George 
et al., 1976). 
The Lower Limestone Group includes the strata between the bottom 
of the Hurlet limestone and the top of the Top Hosie 
consists of rhythmic sequences of Yoredale type with 
fauna (Francis, 1965a). The Hurlet limestone or its 
the first complete marine transgression in Central S 
start of a more unified stratigraphical history. 
2.2.4 Silesian or Upper Carboniferous 
As its name implies, the Limestone Coal Group 
Limestone and 
a rich marine 
equivalents marks 
otland and the 
contains a number 
of coals of workable thickness in a cyclic development of sandstone, 
mudstone, limestones and seat earths. Two widely traceable marine 
bands have been recognised. The Upper Limestone Group consists of the 
strata between the Index and Castlecary Limestones, and marks a return 
to Yoredale type sedimentation with a relatively rich marine fauna like 
the Lower Limestone Group. Volcanism continued on a major scale only 
in West. Lothian, where a large part of the sequence between the Lower 
Limestone and Upper Limestone Groups is occupied by lavas. 
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The mid-Carboniferous sediments, between the Hurlet and the 
Castlecary Limestones, vary greatly in thickness owing to the development 
of two main depositional basins (the Central and the Fife-Midlothian 
Basins) and several minor ones. These were separated by positive areas 
with little or no sedimentation (Goodlet, 1957, 1959). On the Ayrshire 
shelf, the sediments are greatly attenuated, because of the development 
of major north-easterly growth faults (Richey, 1937). 
The Passage Group (formerly called the Millstone Grit Series) 
shows a change in sedimentation to sandstones and refractory clays, 
with occasional marine bands. A supposed faunàl break in the Passage' 
Group postulated by Kidston (and taken locally, at one time, as the 
division between Lower and Upper Carboniférous) is now recognised as 
the result of either non-sequence in some places, or condensed strata 
elsewhere (Ramsbottom, 1969). This was probably caused by-strong uplift 
and erosion at this time (Francis, 1965a). In Ayrshire, the place of 
the sediments is taken by a series of olivine basalts with associated 
bauxitic. clays. 
The Coal Measures of Westphalian age are divided into a Lower, 
Middle and Upper Group by the Queenslie Marine Band and Skipsey's 
Marine Band respectively. The base of the Westphalian - the Gas trioceras 
Sub-crenatuin Marine Band - has not been recognised in Scotland, the 
Namurian-Westphalian boundary being placed at one of the marine bands 
of the Passage Group (Calver, 1969). Coals of workable thickness 
occur in rhythmic sequences with sandstones, muds.tones and seat earths 
in the Lower and Middle Coal Measures only. Non-marine' lammelibrancbs 
are abundant. and are used for correlation, together with a few thin, 
but widespread marine bands (Francis, 1965a). In East Fife, the many. 
volcanic necks indicate long-lived but minor volcanism (Forsyth & 
Chisholm, 1977). The Upper Coal Measures consist of sandstone, muds 
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and a few marine bands, which are best preserved in Ayrshire. The 
sequence has been reddened and the coals oxidised or replaced by limestone 
(Mykura, 1960), probably because of considerable uplift and a break 
in sedimentation towards the end of Westphalian times (Francis, 1965a; 
Smith, 1972). Recent paleontological work has confirmed the existence 
of an unconformity in Central Ayrshire between the top of the Upper 
Coal Measures (Westphalian D) and the Lower Permian New Red Sandstone 
(Scott, 1976). 
2.2.5 Carboniferous stratigraphy of Southern Scotland 
Carboniferous sediments are well developed in Southern Scotland, 
being laid down on the northern margin of the Northumberland Trough 
(Fig. 2.2). The threefold classification into Carboniferous Limestone 
Series, Millstone Grit and Coal Measures (Luisden, 1967; Greig, 1971) 
is akin to the English classification (Table 2.1). 
The Kelso Traps and the Birrenswark lavas define the base of 
the Carboniferous in Berwickshire and in the Solway area respectively. 
Some of the underlying Upper O.R.S. strata may be of Carboniferous age 
but there are no diagnostic fossils present. The lavas are overlain 
by the thick sandstones and mudstones and an occasional thin cementstone 
band of the Lower Border.Group. The Tournaisian age of these sediments 
has been demonstrated using miospores (Gray in Leeder, 1974) and 
conodonts (Grei, 1971). Higher up in the sequence marine bands, coals, 
and seat earths become abundant, indicating alternations between 
terrestrial, deltaic and shallow marine conditions. Evidence of Visean 
volcanic activity occurs in the Middle and Upper Border Groups, namely 
the Kersehopefoot basalt and the Glencarthoim tuffs. 
The Upper Carboniferous stratigraphy of Southern Scotland is 
summarised in Table 2.1. 
Thin sediments of all the main Carboniferous series are present 
in the Sanquhar and Thornhill basins, and they are closely related to 
Midland Valley sediniëntation (Davies, 1970; Greig, 1971). The Southern 
Uplands acted as a barrier between the Midland Valley and the 
Northumbrian Trough through much of the Carboniferous. At Sanquhar, 
Thornhill and Cockburnspath the barrier was breached intermittently, 
and not completely until Coal Measures times. 
2.2.6 Permian stratigraphy 
Permian sediments are preserved in six medium sized basins in 
Scotland, four of them with volcanic deposits at the base of the 
succession (Figs. 2.1 and 2.2). The basins are tectonic, formed at 
the time of sedimentation, with a north-south alignment and buried 
fault scarps (Craig, 1965; Greig, 1971). The base of the Permian follows 
major uplift and erosion at the end of the Carboniferous. In the 
Arran, Mauchline, Thornhill and Sanquhar basins reddened lavas are 
overlain by dune-bedded red sandstone. Correlation between these 
basins is difficult because of the lack of diagnostic fossil evidence, 
and is possible only on alithological basis (Smith et al., 1974). 
The age of the lavas and sediments in the Mauchline basin has been 
controversial, following the discovery of plants in sandstone intercalated 
in the lavas near Stairhill. Identification of these plants as being 
of Westphalian D age, led Mykura (1965) to postulate that the lavas 
and New Red Sandstone were of the Carboniferous age. However, Wagner 
(1966) re-interpreted the plants as being Upper Stephanian or, less 
likely, Autunian, in age and further sampling has now indicated a very 
early Permian age for the Mauchline lavas (Wagner in Smith et al., 1974). 
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2.3 	Carboniferous-Permian Volcanism in Scotland 
2.3.1 Introduction 
The greatest accumulation of lavas of the Scottish Permo-
Carboniferous magmatic cycle occurred during the early Dinantian - 
about 90% of the lavas being erupted in this time. Silesian lava fields 
were small and volcanism was generally more explosive, with a greater 
proportion of pyroclastics and intrusive rocks. The stratigraphic 
ranges of the lavas are shown in Fig. 2.3. 
Geikie's (1897) "Ancient Volcanoes of Great Britain" contained 
the first detailed account of the Carboniferbus volcanics. He 
recognised two types of volcanism, naming them the plateau[ and the 
puy types. The plateaux were the large lava fields"around the Clyde, 
in Midlothian, in East Lothian and smaller ones along the Borders and 
in Ayrshire. The puys were short-lived vents and pyroclastics 
represented in great numbers in Fife and parts of Ayrshire, and which 
are mainly Silesian in age. Important reviews of Carboniferous 
volcanism include papers by MacGregor (1937, 1948) and Francis (1965b, 
1967). 
The Dinantian lavas were extruded relatively quietly from fissures 
and small vents (e.g. Whyte& MacDonald, 1974), and pyroclastic deposits 
are small in volume. The eruption of the more acidic lavas was probably 
accompanied by greater pyroclastic activity, as thick trachytic tuffs 
are associated with these lavas (e.g. in Lanarkshire and in East Lothian). 
Towards the end of the Dinantian and in the Silesian volcanism became 
more explosive, consisting of pyroclastics from short-lived vents. 
Francis (1968a) has argued that this change of pattern to increasing 
explosiveness is a function of sedimentation. Ascending magmas were 
able to reach the surface and form extensive lava fields where the 
underlying, partially consolidated sediments were thin or absent 
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(e.g. in the Dinantian); lesser accumulatiOns occurred in areas of 
contemporary uplift, e.g. the Ayrshire Passage Group lavas. The 
formation of sill complexes in the Silesian took place inareas with 
thick, partially consolidated sediments, which prevented magmas rising 
to the surface, forcing them instead to spread out as sills. These 
formed reservoirs from which the vents originated - some of them being 
phreatic in origin. Multiple injection of magmas and rapid rates of 
sedimentation in the Namurian led to tuffs from single sill complexes 
being at different levels in the sequence. Francis's (1968a). 
hypothesis is sup 	edmy the close association between vents and• 
alkaline sills, especially in Fife. However, Macdonald (1975) has 
pointed out that some of the explosive eruptions may be caused by a 
change in the chemistry of the magmas available. The Silesian magmas 
were more undersaturated and volatile rich and this led to increasing 
explosiveness. 
2.3.2 Dinantián volcanism in the Midland Valley 
(a) 	Clyde Plateau Lavas 
Extent. The Clyde Plateau Lavas in the western Midland Valley 
occur in a horse-shoe shaped outcrop around Glasgow at the edges of a 
complex asymmetrical synclinal structure (Fig. 2.1). The original 
lava field was much larger, covering an area of at least 1,300 km  and 
with a maximum thickness of 1 km, making it by far the largest 
Carboniferous lava field (Tomkeieff, 1937). It extended over the 
Firth of Clyde to Arran, Bute and Kintyre, where some of the lavas are 
still preserved. Small outcrops of lavas also occur north of the 
Highland Boundary Fault in Argyllshire(Pringle, 1944; Johnstone, 1966), 
but George (1958) believes that the lack of vents indicates that the 
lavas thinned rapidly towards the Highland Boundary Fault, and, therefore, 
these outcrops may be unconnected with the main lava field. The lavas 
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also thin southwards towards the Inchgotrick fault and do not extend 
beyond it (McLean,-1966). Lavas have been proved in two deep boreholes 
in the middle of the Central Coalfield Basin (Falcon & Kent, 1960; 
Anderson, 1963) and they probably underlie much of the Central Basin. 
The Clyde Plateau Lavas are mainly olivine basalts and hawaiites, 
but acidic rocks become more abundant higher up in the succession, 
indicating a trend from basic to acid magmas in the volcanic cycle. 
However, Macdonald (1975) points out that acid magmas were-available 
at an early stage of the Dinantian activity, and in some places rhyolites 
outcrop under basalts near the base of the succession. 
In the northern part of the Clyde Plateau, lavas were erupted 
from a remarkable line of vents, trending N.E.-S.W.' for 27 km between 
Dumbarton and Fintry (Fig. 4.1). This alignment is thought to 
conceal a line of structural weakness (Whyte & MacDonald, 1974). 
Further north-east towards Stirling, the sources of the lavas are 
concealed, but their resemblance to flood basalts suggests eruption 
from fissures (Francis et al., 1970). To the south, Craig & Hall (1975) 
have identified another N.E.-S.W. trending line of vents along the 
Carnpsie Fault, active at an early stage of the volcanic history of 
the area. The development of great central volcanoes at Meikle Bn 
and in the Renfrewshire Hills, about half-way through the volcanic 
history, was responsible for the relative abundance of acidic rocks 
higher up the succession (Craig & Hall, 1975; Johnstone, 1963). Most 
of the lava sources in the southern Clyde Plateau are concealed, but 
Richey et al. (1930) have identified an E.S.E. line of vents responsible 
for some of the upper group trachytes. 
Range. The stratigraphic range of the lavas is uncertain because 
of the lack of fossiliferous sediments above and below the lavas. 
Francis (1967 ) believes that the extent of the lava field varied from 
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time to time. In parts of Ayrshire, Arran and Kintyre, the lavas rest 
directly on the Upper 0.R.S., whereas north of the River Clyde a thick 
sequence of sediments underlies the lavas. This might indicate 
diachronism, but it is also possible that the O.R.S. facies may have 
persisted into Carboniferous times, or else the junction between 
Upper O.R.S. and lavas only represents an apparent conformity. 
In the lava piles, breaks in the emission of lavas are marked 
by the development of boles and by the presence of volcanic detritus 
(Richey et al., 1930; Francis et al., 1970). Most of these beds are 
not thought to mark long periods of time in relation to the total period 
of volcanic activity. In the Rashiehill borehole (Anderson, 1963), 
two groups of lavas were proved with a marine limestone, equivalent 
in age to the MacGregor Marine Bands of E. Lothian (George et al., 1976), 
intercalated in the upper group, indicating periodic submergence of 
the lava pile (Francis, 1967b). 
The sediments above the lavas do not provide clear evidence about 
the time of cessation of volcanic activity. In the Strathaven area, 
the lavas are overlain by Upper Oil Shale Group sediments (Hinxman et al., 
1921), but elsewhere they are usually succeeded by beds of volcanic 
detritus and mans which are followed by marine limestones of the 
Upper Sedimentary Group. In Kintyre, the sediments abOve the lavas 
are possibly of Namurian - age (George et al., 1976). The layer of volcanic 
detritus above the lavas is generally thought to indicate a prolonged 
period of weathering (MacGregor et al., 1925; Richey et al., 1930; 
Francis et al., 1970), but not all the evidence supports this. Craig 
(Ann. Report I.G.S., 1972) believes that in the Kilsyth Hills phreato- 
magmatic activity and pillowing in the top-most lavas suggests considerable 
environmental change before volcanism ceased and that the lack of 
evidence for erosion or deep weathering indicates no significant break 
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in the depositional sequence. In North Ayrshire too, there issome 
evidence in the Eaglesham area which may be interpreted as indicating 
rapid burial of the lava pile: trachytic ashes from the last volcanic 
episode in this area are preserved under a limestone taken to be 
the local equivalent of the Hurlet Limestone (Richey et al., 1930). 
Furthermore, much of the volcanic detritus here is derived from the 
acidic lavas and agglomerates, indicating that the underlying basalts 
were not eroded to any great extent. 
(b) 	Forth Volcanic Group 
The Forth Volcanic Group is a term used by Francis (1965b) to 
cover the Lower Carboniferous lava fields in the Lothians and Fife 
(Fig. 2.3). Numerous boreholes in the Central Basin and in West Lothian 
imply (e.g. Mitchell & Mykura, 1962; Anderson, 1963) that they were 
broadly contemporaneous and probably continuous with the Clyde Plateau 
Lavas. In East Lothian formation of the Garleton Hills sequence began 
towards the end of . Cementstone Group times (Pu miospore zone), with 
a great profusion of tuffs (Martin, 1955). The lava pile, 500 m thick 
(McAdam et al., 1969) consists of a series of olivine basalts overlain 
by trachytes everywhere (Clough et al., 1910). Voláanic necks are 
extremely well exposed along the coast between Dunbar and North Berwick, 
but are rarely seen inland. The upper part of the Garleton Hills 
sequence has been correlated with the Upper Oil Shale Group lavas in 
the Burntisland area by Francis (1965b, 1967). However, the MacGregor 
Marine Bands, which lie above the Garleton Hills lavas in the Spilmersfàrd 
borehole, have been recognised as being of Lower Oil Shale Group age 
(Davies, 1974; Wilson, 1974). This indicates that volcanic activitiy 
in East Lothian ceased before the end of Lower Oil Shale Group times. 
The East Lothian lavas are on the shallow eastern limb of the Mid-
Lothian syncline, and volcanic rocks appear at a similar stratigraphic 
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position on the western limb in and around Edinburgh. Lavas may also 
underlie the Mid-Lothian syncline and some have been proved in a 
borehole (Tulloch & 'Walton, 1958). 
In the Edinburgh area, the Craiglockhart Volcanic rocks occur 
at the base of the Carboniferous as defined in this area. The 
Arthur's Seat Volcanic Group, higher up in the succession at the base 
of the Lower Oil Shale Group, consists mainly of basalts and tuffs 
(Mitchell & Mykura, 1962). A layer of tuff with trachytic fragments 
has been encountered in a borehole in the sequence above the Arthur's 
'Seat Group (Ann. Report I.G.S.,p.1O1, 1971). The lavas, together with 
Arthur's Seat Volcano and other necks and intrusions in the area have 
been studied in great detail (e.g. Peach et al., 1910; Clark, 1952; 
Oertel, 1956; Black, 1966). 
Other outcrops of the early Dinantian. volcanic activity occur 
on the fringes of the West Lothian Oil Shale field and on the island 
of Inchcolm. Tuffs of this age are frequently seen in boreholes in 
West Lothian, e.g. Seafield-Deans Ash in the West Calder borehole. 
Most of this activity is thought to be about the same age as, or 
slightly later than, the Arthur's Seat Volcanic Group (Mitchell & Mykura, 
1962). An isolated outcrop of.olivine-basalt lavas occurs in the 
Carnwath area, overlying Upper O.R.S. type strata. These lavas are 
assumed to be of Lower Oil Shale Group age, but few details have been 
published about them. 
In Upper Oil Shale Group times the main focus of activity 
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appears to have shifted to the Burntisland Arch where micropohyritic 
lavas and tuffs were erupted from the Binn and other vents around 
Burntisland (Allen, 1924, 1926). The volcanic rocks thicken eastward 
towards Kirkcaldy reaching over 430 m there (Francis, 1967b). 
Stratigraphically, volcanism occurred from about mid-way in the Upper 
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Oil Shale Group to mid-way'-in the Lower Limestone Group, with oil shales 
almost completely replaced and with occasional intercalated limestones 
(Francis, 1961b). At Inchkeith, in the Firth of Forth, 150 m of lavas 
are thought to extend below the Burdiehouse Limestone into the Lower 
Oil Shale Group (Davies, 1936). However, the Burdiehouse Limestone 
is no longer considered to be a reliable marker horizon and its 
correlation over parts of West Lothian and Fife is uncertain (Wilson, 
1974; George et al., 1976). Thus there is no firm evidence for 
Upper Oil Shale Group volcanicity extending into Lower Oil Shale Group 
times. 
South of the Forth, only a single lava at Dalmeny and a number 
of tuff bands are found before the start of volcanicity in the 
Riccarton Hills in West Lothian about mid-way in the Upper Oil Shale 
Group. Volcanicity in West Lothian and Burntisland was thus 
contemporaneous but extended well into the Namurian in the former area. 
2.3.3 Volcanism in Southern Scotland 
The extrusion of basaltic lavas in the Border area on the 
northern margin of the Northumberland Trough (Fig. 2.2) marked the 
beginning of the Carboniferous and coincided with the initiation of 
this feature (Leeder, 1974). The Birrenswark lavas, which outcrop 
between the Solway Firth and the Caddroun Burn in Roxburghshire, form 
a small lava plateau with several short interdigiting flows (Pallister, 
1952; Elliot, 1960; Lumsden et al., 1967). The lavas, which are often 
highly altered, are mainly transitional and alkali basalts. The 
contemporaneous and petrographically similar Kelso Traps, locally form 
a crescent-shaped outcrop in the Merse of Bérwick at the base of the 
Carboniferous (Eckford & Ritchie, 1939; Tornkeieff, 1945, 1953). The 
two plateaux were probably never continuous (Geikie, 1897; Leeder, 1974), 
although both were erupted from a series of agglomerate necks and 
tensional fissures with a N.E.-S.W. trend (Leeder, 1974). 
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The lavas are overlain by thick Tournaisian sediments but minor 
outbursts of volcanism occurred in the Visean: the Kersehopefootbasalts 
in the Middle Border' Group and the Glencarthoim lavas and tuffs at the 
base of the Upper Border Group. Isolated Visean lavas of unknown 
stratigraphic position occur near Newcastleton and Carter Fell and 
at Oldhamstocks near Dunbar (Greig, 1971). Lower Visean basalts are 
also present below mid-Visean S2 Limestones in the Cockermouth area in 
England. Numerous agglomerate-filled vents occur along the Borders, 
which are at least as young as the Glencarthoim Volcanic Beds, and 
which indicate a trend of increasing explosiveness with age (Lumsden 
et al., 1967; Leeder, 1974). Also notable are the number of basic 
sills and sheets of the same age or younger than the lavas (Eckford 
& Ritchie, 1939; Tomkeieff, 1945, 1953). 
Following the basaltic phase, there was a widespread episode of 
acidic volcanicity represented by various intrusions of trachytes, 
riebeckite felsites and phonolites (MacRobert, 1914; Irving, 1930). 
No lavas of this period are known, but this episode is thought to be 
contemporaneous with the Garleton Hills trachytic episode. 
2.3.4 Silesian volcanicity 
Volcanicity in West Lothian began towards the end of the Dinantian 
and continued into the mid-Narnurian (Upper Limestone Group times), the 
bulk of the lavas (olivine-basalts and a few basanites) being of 
Limestone Coal Group age (Mitchell & Mykura, 1966). Elsewhere, Namurian 
volcanism consists mainly of pyroclastics witb, for example, thick 
agglomerate and tuffs outcropping the Saline District (Francis, 1961a) 
while the tuffaceous sediments, found in the Limestone Coal Group of 
Fife, are thought to be associated with the West Lothian volcanicity 
(Francis, 1961b). A few rotted lavas of Upper Limestone Group age are 
seen at Westfield in Central Fife (Francis, 1961c). In East Fife, 
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pyroclastics of Upper Limestone Group age were followed by Passage Group 
and Lower Coal Measures volcanicity, some of which produced the large 
mass of tuffs and the few lavas at Largo Law (Knox, 1954; Forsyth & 
Chisholm, 1977). Pyroclastic rocks encountered in various boreholes 
indicate that volcanic activity extended from early Namurian to 
mid-Westphalian times (Francis & Ewing, 1961; Francis, 1968b), and 
there is no stratigraphical evidence for any volcanism later than 
Middle Coal Measures (mid-Westphalian) times. 
The hundred or more necks in East Fife have attracted much 
attention, and a great deal is known about their field relations 
(see Forsyth & Chisholm, 1977, for a detailed account and up-to-date 
bibliography). Their age has been a matter of debate ever since 
Geike (1897) classed them as Permian because of their similarity to 
the Ayrshire necks (which are of the 'greenhill' type, and associated 
with monchiquites and agglomerates containing a variety of xenoliths). 
However, Balsillie (1923, 1927) argued that the detailed field evidence 
indicated an Upper Limestone Group age and only one •neck (Lundin Links) 
was demonstrably younger. The field evidence is not as conclusive as 
Balsillie (op. cit.) maintained, for remapping by Francis (1970) and 
Francis & Hopgood (1970) led them to advocate a Namurian age (Upper 
Limestone Group or Passage Group) for the bulk of the necks with some 
(e.g., Coalyard Hill neck and a few intrusive tuffs and dykes) being 
possibly of Westphalian or Stephanian-Autunian age. 	Radiometric 
dating of the neck intrusions now indicates that many of the necks are 
of Stephanian age, suggesting a phase of basanitic volcanism missing 
from the stratigraphic record. This phase is almost certainly younger 
than the quartz-dolerites, for blocks of these intrusions have been 
found in some of the necks (e.g. Wallace, 1916). Namurian and early 
Westphalian necks probably exist, but their ages are difficult to 
prove (Forsyth & Chisholm, 1977, p.179). 
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From mid-Namurian times, Silesian volcanicity in the eastern 
Midland Valley was minor compared to that in the west. Here, early 
pyroclastic activity in the Dairy area between Limestone Coal and Upper 
Limestone Group times was followed by the late Namurian/early Westphalian 
Passage Group lavas of Ayrshire (Richey et al., 1930; Mykura, 1967). 
The lava field extended as far as Northern Ireland and was probably 
more than 175 m thick. The second major outburst of volcanicity was 
responsible for the formation of the Mauchline Volcanic Group (Eyles 
et al., 1929, 1949). These olivine basalts (and more basic types) are 
post-Westphalian D (Scott, 1976) and most likely very early Permian 
in age (Smith et al., 1974). The distribution of the distinctive 
greenhill necks, which are thought to be feeders for the lavas (MacGregor, 
1937), indicates that the lavas were spread over a much wider area. 
The reddened lavas at the base of the New Red Sandstone in Arran 
(Leitch, 1941) and Sanquhar and Thornhill (Simpson & Richey, 1936) 
are almost certainly contemporaneous and they indicate the widespread 
nature of the last major volcanic episode of the Permo-Carboniferous 
magmatic cycle. 
2.3.5 Intrusions 
The Carboniferous-Permian intrusions of the Midland Valley vary 
greatly in their petrology and chemistry. The descriptions of the 
striking differentiation phenomena seen in the alkaline sills have now 
become classic (Tyrrell, 1917) and were among the earliest studies of 
this kind, contributing much to the development of igneous. petrology. 
The intrusions may be divided into four main groups. 
The first is associated with the Dinantian volcanic cycle and 
consists of olivine dolerite sills and dykes, as well as a few evolved 
types (e.g. trachyte and phonolite). Some of the phonolites could 
have evolved from the basanites, which together with the teschenites 
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form the second group of intrusions. These teschenites are confined 
to the Lothians and Fife and are characterised by the fact that.none 
of them cuts strata younger than Upper Limestone Group. They include 
the alkaline doerite sill complexes of Fife (Francis, 1968a; Forsyth 
& Chisholm, 1977). As many of the teschenites, e.g. Braefoot 
(Campbell et al., 1932, 1934), Inchcolm (Campbell & Sterthouse, 1908), 
Stankards and Blackness (Flett, 1931, 1932), exhibit differentiation 
facies similar to the Ayrshire teschenites, which cut Upper Coal 
Measures strata, it has been assumed (e.g. Tyrrell, 1923) that the 
Lothian teschenites may be also Permo-Carboniferous in age. But as 
some of the teschenites (e.g. Inchcolm) are cut by the later quartz-
dolerite dykes, Clough et al. (1910) and Peach et al. (1910) classed 
them as pre-Passage Group in age and Bailey (in MacGregor et al., 1925) 
advocated several periods of teschenitic intrusion, corresponding 
with volcanic episodes in the Carboniferous (p.152, op. cit.). 
Walker & Irving (1928) also felt that the Fife intrusions represented 
several episodes. Francis's (1968a) hypothesis regarding the intrusion 
of the Fife sill complexes implies that the age of these intrusions is 
mid-Namurian (Upper Limestone Group) 
The quartz.-dolerite sills and dykes, which form the third group 
of intrusions, were emplaced during the brief tensional episode towards 
the end of the Carboniferous (Walker, 1935, 1965). The E.-W. trending 
dykes which acted as feeders for some sills (Walker, 1965) do not 
cut strata higher than the; Upper Coal Measures (late Westphalian) and, 
by analogy with the 1iThin Sill of Northern England, are regarded as 
post-Westphalian - but pre-Permian in age (Francis, 1965b). This has 
been confirmed by radiometric dating (see Chapter 3). 
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In East Fife, Forsyth & Chisholm (1977) report that blocks of 
quartz-dolerite have been found in the Viewforth neck, which contain 
spores indicative of a Lower Coal Measure age in sediments interbedded 
with tuffs. This, they think, would reopen the suggestion made by 
Balsillie (1923) that there is an earlier pre-Westphalian suite of 
quartz-dolerites so far undetected. It seems unlikely that this phase 
is Carboniferous in age. The blocks could be Devonian in age, as 
Lower O.A.S. hypersthene-bearing quartz-dolerites are found in the Dundee 
area (MacGregor & MacGregor, 1948) and may form part of the pre-.-
Carboniferous basment in this area. Alternatively, the sediments in 
Viewforth neck may be part of an included block of the Westphalian 
country rock, of which there is no indication, or the spores have been 
reworked into the sediment. 
The tholeiitic dyke suite has been encountered as far north as 
Aberdeenshire and south to the Border area, where they link up with 
the northern part of the Whin Sill dyke swarm. Significantlyperhaps, 
the tholeiitic dykes are not found in Ayrshire, the most southerly dyke 
in this part of the Midland Valley being four miles north of Ardrossan 
(Richey et al., 1930). The quartz-dolerite sills are confined to the 
Lothians, Fife and Stirlingshire, where they form a continuous sheet 
complex - the Midland Valley Sill - which often changes horizon 
(Francis, 1965b). Some sills, transitional petrographically and 
chemically between the quartz-dolerites and olivine dolerites occur 
at Milngavie, near Glasgow, and in the Dalmahoy syncline near Edinburgh, 
and are classed by MacGregor & MacGregor (1948) as abnormal members of 
the quartz-dolerite suite. Campbell & Lunn (1928), however, regard 
the Dalmahoy sills as being intrusive equivalents of the mugearites 
and therefore Lower Carboniferous in age, while the purple clinopyroxene 
seen in the Milngavie sills is characteristic of the teschenites 
(Walker, 1965). 
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The fourth group of intrusions consists of the analcirne-bearing 
sills of Ayrshire, Glasgow and Fife. They are classed as Perino-
Carboniferous because they cut Upper Coal Measures rocks in Ayrshire 
and are pierced by Permian necks (MacGregor et al., 1925; Walker & 
Irving, 1928; Eyles et al., 1949). They are younger than the quartz.-
dolerites as they cut quartz-dolerites in Fife (Walker & Irving, 1928) 
and dykes of the Highland lamprophyre suite,.closeIy associated with 
the intrusions in Ayrshire, chill against tholeiitic dykes in Ardnamurchan 
(Richey, 1938; Gallagher, 1963). The crinanites associated with this 
group in Ayrshire (Tyrrell, 1923) may be of Tertiary age, like those 
in Arran. 
2.3.6 The petrography of the Carboniferous igneous rocks 
The petrography of the Carboniferous lavas and intrusions has 
been studied in great detail, and is summarised by MacGregor (1928) 
and MacGregor .& MacGregor (1948). The former standardised the various 
local classifications of the olivine basalts into six groups based on 
the nature and size of the phenocrysts. This nomenclature has now 
been modified by Macdonald (1975), using a chemical classification to 
bring it in line with current petrological usage (Table 2.2). 
Most of the intermediate and acid rocks, which are all of 
Dinantian age, have also been reclassified by Macdonald (1975) in terms 
of the nomenclature of Coombs .&.Wjlkinson (1969). 
The distribution of the main rock types is best indicated by 
the volcanic associations of which Macdonald (1975) has arbitrarily 
distinguished three. 
Association 1 has a wide range of alkaline rock types ranging 
from basic ankaramites to mugearites, trachytes and rhyolites. Most 
of. the Dinantian lava fields belong to this association. 
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Association 2 is dominated by feldspar-phyric hawaiites with 
less abundant mugearites and occasionally trachytes and rhyolites, 
and best represented in the northern part of the Clyde Plateau. 
Association 3 has a restricted range of rock types with olivine 
± clinopyroxene microphyric flows mainly, and more evolved types absent. 
All the late Dinantian and Silesian lava fields belong to this 
association (Macdonald et al., 1977). 
Alkaline dolerites. The Scottish Carboniferous province is 
noted for variety of alkaline dolerites and is perhaps the type area 
for analcime-bearing intrusions. The main mineralogical features have 
been tabulated by MacGregor & MacGregor (1948) and four major groups 
may be distinguished: kylitic, teschenitic, monchiquitic and doleritic 
and basaltic types (the altered dolerites probably being a sub-group 
of the latter). The rocks are composed of varying proportions of 
olivine, titanaugite, plagioclase, analcime, iron oxides and other 
common accessories. Brown amphibole (probably kaersutite) and biotite 
are often found as accessories in teschenites and in kylitic types, 
while small amounts of nepheline (often decomposed) are also-found in 
the first three groups,.which are probably closely related genetically. 
Quartz-dole rites. In contrast to the alkaline dolerites, the 
quartz-dolerites and tholeiites are simple mineralogically, consisting 
of plagioclase, pyroxene (augite, pigeonite and occasionally hypersthene; 
the latter two are usually found altered) and iron are in a mesostasis 
that is commonly micropeginatitic in the quartz-dolerites and glassy in 
the tholeiites (Walker, 1935). The division into various sub-types is 
based on the amount and state of the mesostasis. Differentiation in 
the quartz-doleritic suite is limited to the formation of 
micropegmatitic patches and granophyric veins (e.g. Upton, 1969). 
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CHAPTER '3 
A. STUDIES IN POTASSIUM-ARGON DATING 
3.1 	The Potassium-Argon Method 
3.1.1 Some facts and basic assumptions 	 - 
The K-Ar method of radioactive dating has been in use since 
the mid-fifties, following the discovery of the 40K decay to 40Ar and 
its postulation as a dating method in the previous decades. Development 
of the technique since then has been rapid, and the method routinely 
and widely used. Reviews of the technique have been given by McDougall 
(1966), Schaeffer & Zahringer (1977), Dalrymple & Lanphere (1969) and 
York and Farquhar (1971), and need only be outlined here. 
The relative abundances of the potassium isotopes (present day 
abundances are 39K = 93.08 ± 0.4%; 40K = 0.0119 ± 0.0001%; 
6.91± 0.4%, Nier, 1950, but see below) are assumed to be 
constant in all materials used in dating at any time, variations occurring 
under special conditions only (Dalrymple& Lanphere, 1969). 11.2% of 
40K decato 40Ar by electron capture, while the remainder decays to 
40 	 -- 
Ca by beta-emission. The basic K-Ar age equation is given by 
t = 	1 	in 1 1 + 	X 40Ar radj 
4°K  
where t = age of mineral or rock 
40 A rad = radiogenic argon measured 
40 	 40 K = amount of K left in sample 
= 40K--- 40Ar decay constant = 0.585 x 10 0/yr 
)z 40K—e40Ca decay constant = 4472 x 100/yr 
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The decay constants used in this thesis are those used by the 
majority of K-Ar dating laboratories. These constants have been 
superseded by a new set of isotopic abundances and decay constants 
(Steiger & Jäger, 1977). The new potassium atomic abundances are: 
39K = 93.2581%, 40K = 0.01167%, 41K= 6.7302%; the 40K decay constants 
are: Xe = 0.581 x 10 0/yr and 	= 4.962 x 10 0/yr. The effects of 
these constants would be to increase the ages in this study by about 
2%, 6 to 7 million years. 
The amount of 40 A measured is corrected for any atmospheric 
contamination by monitoring 36 A and removing the appropriate amount 
of atmospheric 40Ar, as the relative proportion of argon isotopes in 
the atmosphere ( 6Ar = 0.337% 38 A = 0.063% and 42Ar = 99.6%) is 
known. 
The measured K-Ar date will give the age of formation of the 
sample if the following conditions are met:- 
All the argon in the rock is either radiogenic or atmospheric 
and no argon was present at the time of formation (t). 
If non-radiogenic argon is present it has the composition of 
modern atmospheric argon. 
The rock or mineral has been a closed system with respect to 
potassium and argon since t o . 
The time of crystallization of the rock is short in comparison 
with its, age. 
The K-Ar technique can be applied to rocks with a wide range of potassium 
contents. Modern analytical techniques permit the precise determination 
of potassium down to 0.01%. The precise determination of radiogenic 
argon is, however, limited by:its ratio to atmospheric argon in the 
sample. Details of the technique as carried out at East Kilbride are 
in Appendix I. 
40 
3.1.2 Evaluation of K-Ar data 
The most important and also the most difficult aspect of K-Ar 
dating is the interpretation of the isotopic data and the evaluation 
of geological accuracy of the calculated ages. In the assessment of 
the data, it is necessary to consider whether there has been any breakdown 
of the basic assumptions.: the failure of the rock or mineral to act as 
a closed system with respect to argon and the presence of initial 
argon at the time of closure are the two most frequent violations; 
migration of potassium, which is usually accompanied by argon loss 
(Dalrymple & Lanphere, 1969), may be detected during sample selection 
(generally from mineral alteration) and is not usually a problem. 
Radiogenic argon loss, commonly cited as a &ause of age 
discrepancy in volcanic and hypabyssal rocks, may be the outcome of 
several different processes, the most important of which are: diffusion 
from less retentive minerals; alteration and reheating during burial, 
metasomatism, hydrothermal circulation or subsequent intrusive events; 
and. changes in mineral lattice structures. Cases of excess argon in 
basalt lavas are rare unless contaminated by older material (e.g. 
Damon et al., 1967; Dalrymple & Lanphere, 1969), but may occur in 
minerals from intrusions crystallizing in the presence of argon. 
In dating basaltic rocks, it is usual to use whole-rock samples, 
because of the difficulties of separating minerals from fine-grained 
rocks and the low potassium contents of the phenocryst phases. 
Basalts older than 100 m.y. are increasingly likely tohave their 
radioactive clocks disturbed in some way and the dates measured 
need to be cautiously interpreted. The methods for the detection of 
- 	discrepant whole-rock ages are usually subjective. 
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The use of petrographic techniques, to check for signs of alteration, 
may provide evidence that the closed system assumption has been 
violated. Such methbds are not always effective as it can be difficult 
to distinguish between deuteric alteration (or alteration 1-5 m.y. 
after crystallization), having little effect on dates of rocks over 
250 m.y., and subsequent alterations, the effect of which is more 
severe, Stronger evidence of discrepant ages may be obtained by 
comparison with K-Ar ages on minerals from coeval rocks with good argon 
retention properties or with ages obtained by other geochronological 
methods (Rb-Sr, U-Pb), but as much of the Carboniferous volcanism is 
basaltic these methods are generally unsuitable. In the absence of 
the above, a large number of whole-rock age determilnations would be 
useful in establishing internal consistency. 
Comparisons with the stratigraphic record could be useful for 
lavas interbedded with fossiliferous sediments especially when they 
occur at several different levels. Dates of intrusions, which are 
generally fresher than the lavas and often contain minerals that are 
reliable geochronometers, are also useful as they provide minimum ages 
for the rocks into which they are intruded and therefore limits 
for the interpretation of dates from the lavas. 
Application of the considerable body of diffusion data (Fechtig 
& Kalbitzer, 1966; Musset, 1969; Dalrymple & Lanphere, 1969) to the 
interpretation of argon loss has not been successful as geological 
conditions are difficult to emulate in the laboratory, but the 
conclusions regarding the retentivities of various minerals used in 
dating are generally useful. 
The development of the various K-Ar isochron methods has reflected 
the need for more objective interpretations of K-Ar data. In the 
case of the isotopic ratio plot (analogous to the Rb-Sr isochron plot) 
Wj 
the ubiquitous presence of air argon causes complications and special 
care needs to be taken to identify and eliminate sources of atmospheric 
argon contamination. The interpretation of the K-Ar isochrons can be 
difficult and they are limited in comparison with Rb-Sr isochrons because 
argon as an inert gas can diffuse more easily and less predictably 
than Rb or Sr. 
3.2 
	
K-Ar Dates from Minerals 
3.2.1 The K-Ar characteristics of minerals available for dating from 
the Scottish Carboniferous volcanics are described briefly below. 
Micas. Biotite is the most common mica used in dating volcanic 
rocks and its K-Ar characteristics are well known. It has a high 
potassium content (5-8% K) and is a good retainer of argon, unless 
heated to temperatures above a few hundred degrees Centigrade 
(Dalrymple & Lanphere, 1969). Small amounts of biotite (1-5%) are found 
in teschenites and related rocks, where they occur as late-stage 
minerals fringing iron ores and olivine alteration products, having 
formed by reaction of these with residual liquids. Separation of these 
small amounts of biotite has been difficult and time consuming, but 
the biotite fractions are usually 95% pure. Chlorite and altered 
olivines are the main impurities. 
Amphiboles. Hornblende is one of the most useful minerals in 
K-Ar dating, containing between 0.1 and 1% K and being very resistant 
to argon loss (Dalrymple & Lanphere, 1969). Other amphiboles are 
thought to have similar retention properties to hornblende and alkali 
amphiboles (arfvedsonite and riebeckite) have been used successfully 
to date volcanic rocks (e.g. Macintyre et al., 1975). Barkevikite 
and kaersutite sometimes occur in the alkali doleries and in late-stage 
veins such as lugarite. Hornblende is found as phenocrysts in some 
mugearites, although usually resorbed. Separation of these minerals 
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is straightforward and purities of greater than 95% were easily 
obtainable. 
3. 	Feldspars. The feldspars should make good dating material 
as they are ubiquitous and easy to separate, and the majority have 
potassium contents of more than 0.1%. However, the argon retention 
properties of feldspars are variable: high-temperature feldspars 
(e.g. volcanic plagioclase, sanidine, anorthoclase) with disordered 
structures, are usually good argon retainers (Baadsgaard et al., 161; 
Evernden et al., 1964), whereas low-temperature ordered feldspars 
(e.g. plutonic plagioclase, microcline, orthoclase) frequently suffer 
from argon loss, possibly related to lattice changes during unrnixing 
(Dalrymple & Lanphere, 1969). Foland (1974) has suggested that 
argon loss is linked to uninixing which reduces the effective grain size 
for diffusion. His experimental work has shown that non-pert hitic 
well-ordered orthoclases have diffusion constants as low as that of 
a good retainer like sanidine. In general, however, the rules regarding 
retentivity have been founded on an empirical basis. 
Sanidine and anorthoclase are the most common K-feldspars in 
volcanic felsic rocks containing 7-10% and 2-4%  K 2  0 respectively  
(Deer, Howie &Zussman, 1966). The retentivity of pre-Tertiary 
high-temperature feldspars with K 2  0 contents between 0.9 and 7% have 
been.questioned by Evernden & Richards (1962) and Evernden & James - 
(1964). They suggest that these feldspars lose argon because of unmixing, 
which may take place given enough time. Some •anorthoclases with 
intermediate potassium contents may not even retain argon for tens of 
millions of years (Evernden & James, 1964). In contrast, Afanas'yev 
(1966) found that non-perthitic anorthoclase had the same K-Ar age as 
co-existing biotite. Volcanic feldspars with more than 7% K20 retain 
argon completely for several hundred million years. 
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Volcanic plagioclases are not as widely used in K-Ar dating. 
Their K 
2 
 0 contents are typically between 0.1 and 0.3% (Deer, Howie 
& Zussman, 1966). Kneoka & Arimaki (1971) have found that plagioclase 
from 7 m.y. old altered alkali-basalts retained all their radiogenic 
argon and they state that diffusion data indicates that no argon loss 
is expected at room temperature over periods comparable to the age 
of the earth. This is confirmed by Evernden & James (1964) for 
volcanic feldspars with less than 0.9% K 
2  0 and by McDougall (1963) 
and McDougall & Riiegg (1966) who obtained reasonable K-Ar ages for 
Mesozoic shallow intrusives. However, McDougall et al. (1963) in a 
study of Precambrian dolerites concluded that argon could migrate 
from plagioclase (and pyroxene) at temperatures below 200 °C. Clearly, 
the use of plagioclase of Carboniferous age for dating needs further 
evaluation. 
4. 	Pyroxenes. Pyroxenes are not often used for dating because 
of their very low potassium contents (usually less than 0.1% K20) 
and the uncertain results, although structurally they appear to be 
good retainers of argon. Pyroxenes from plutonic rocks frequently 
contain excess 40Ar, probably incorporated at the time of crystallization 
(Dalrymple & Lanphere, 1969; Schwartzman & Giletti, 1977). The only 
case of argon loss (Kistler & Dodge, 1966) from pyroxenes in a 
granitic rock has been explained by Hayatsu & Carmichael (1970) as 
being caused by the presence of initial argon with a 40Ar/36Ar  ratio 
less than atmospheric. In contrast, ages obtained for pyroxenes 
from volcanic and shallow, intrusive bodies are, usually, in good 
agreement with the ages obtained for the whole-rock and co-existing 
minerals (e.g. McDougall, 1963; McDougall& Riiegg, 1966; Wellman et al., 
1970; Page & McDougall, 1970). Thus, it would appear that pyroxenes, 
which have crystallised under conditions that preclude the incorporation 
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of excess argon, make good dating material. For pyroxenes of 
Carboniferous age, sufficient radiogenic argon should have accumulated 
for a reasonable analytical precision to be achieved. 
Nepheline. Nepheline (with 3-10% K 20) has been shown to retain 
argon over long periods,, even more so than biotite and hornblende 
(Macintyre et al., 1966, 1969). Its high retentivity has been 
confirmed by Kononova & Shanin (1967) and Gerling el; al. (1969), 
but they warn that purity of the nepheline is essential, as excess 
argon is found in the altered parts of the mineral (e.g. in cancrinite, 
York et al., 1969). Nepheline occurs interstitially in many 
Carboniferous intrusions, although it is often altered. Where fresh, 
it has proved to be too fine-grained to separate. 
Analcimes. Igneous analcimes usually contain between 0.5 and 
2% K 2 
 0 (Wilkinson, 1968), but little is known about their K-Ar 
characteristics. Potassium is held in small structural cavities 
and the overall structure is like that of leucite which is a good 
argon retainer (Deer, Howie & Zussman, 1966; Dalrymple & Lanphere, 1969). 
York et al. (1969) have suggested that excess argon which is thought 
to reside in structural channels in minerals such as cancrinite and 
sodalite, may occur in analcime which is also permeated by channels 
and is known to absorb argon in laboratory experiments (Greenwood, 1961). 
Primary analcime has been dated by Page & McDougall (1970) giving 
ages only slightly lower than the whole-rock ages. They consider that 
the poor reproduction of the analcime ages is .caused by potassium 
inhomogeneity between K-poor amygdale analcime and relatively K-rich 
groundmass analcime, but the high K content of the anaicime 
(3.35'suggests the presence of alkali feldspar in the mixture. Other 
dating studies (e.g. McDougall & Wilkinson, 1967; Dasch et al., 1969) 
have found that little loss of argon occurs from analcime. 
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Analcime occurs interstitially and in amygdales in the 
Carboniferous lavas. It is also an essential constituent in the 
teschenites and appears in. most olivine dolerites in the Midland Valley. 
Recent experimental work (Roux & Hamilton, 1976; Gibb & Henderson, 1966) 
has shown that although analcinie is not a primary mineral, in the 
sense of having been precipitated from a melt, it is a late-stage 
mineral crystallizing from a vapour phase at about 400 °C. Therefore, 
as analcime is ubiquitous in the Carboniferous rocks, further work 
on its age properties seems warranted. 
3.2.2 K-Ar characteristics of volcanic plagioclases and of analcimes 
1. 	Volcanic plagioclases 
Results. The plagioclase studied was from a fresh macroporphyritic 
hawaiite (HS4) from the Beith Hills. A clean separate was easily 
obtained because of the large size of the plagioclase phenocrysts. 
Dates of the whole-rock sample and of a groundmass separate agreed well 
at 337 ± 7 m.y. (Table 4.7). 
The plagioclase was analysed as two size fractions: -210 + 165 
and -165 + lO4Mm(Table 4.7). The potassium determinations on the 
-165 + 104pm fraction (which was not crushed further) had a coefficient 
of variation of 6% compared to the 1% usually achieved. The'larger 
size fraction, -210 + 165,un , had a coefficient of variation of less 
than 1% but both samples have similar potassium contents. The date 
of 248 ± 7 m.y. obtained for the larger size fraction is low compared 
to that fork the whole-rock. The first determination (333 ± 5 m.y.) 
for the other size fraction is in better agreement, although the 
variation in potassium greatly increases the uncertainty in this 
date. The repeat analysis gave a much lower date possibly because of 
incomplete release of radiogenic argon during fusion. 
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Discussion. Examination of the feldspar separates shows that 
although they are fresh, sericite is occasionally developed along cracks, 
especially in the larger size fraction. Incomplete removal of the 
sericite from the smaller size fraction may cause the slight potassium 
inhomogeneity in this sample. The lower date of the large size 
fraction may be caused by the presence of the sericite which would 
have to be very much younger since the date of the smaller size fraction 
indicates little argon loss from the purer plagioclase. A more 
plausible explanation is that there may have been incomplete radiogenic 
argon release during both analyses of the large size fraction, possibly 
because the fusion temperature was not high enough or the heating 
period too short. Similar results for large (<l00nesh) sanidine 
fractions were reported by Webb & McDougall (1967), who explain that 
the higher viscosity of the dry alkali feldspar melt may have inhibited 
argon diffusion and also that incongruent melting to leucite would raise 
the temperature of complete fusion. For the plagioclase, however, it 
may be that the larger grains need more time and higher temperatures 
to melt completely. The results of the smaller size fraction'suggest 
that plagioclase may be dated successfully if:- 
a small size fraction (less than about 150pm) is used for the 
determination; 
a large split is crushed to a fine powder to reduce potassium 
inhomogeneity between the smaller aliquots usually taken for 
the potassium determinations; 
the weight used for argon analysis is increased and the highest 
fusion temperature is used. Temperatures of greater than 1,500 °C 
(measured with an optical pyrometer) are possible for the first 
two samples in a multiple-loader. The sample should also be 
heated for at least 30 minutes at this temperature. 
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2. 	Analcime 
Results. The three analcimes dated in this study all came from 
alkaline sills. Coexisting minerals with good argon retention 
properties were dated at the same time to provide 'a control. 
Analcime from the Mons Hill sill, near Edinburgh, gave a date 
of 270 ± 7 m.y., which is much lower than the biotite date of 302 ± 7 m.y. 
(Chapter 5 and Table 5.4). The separate contained about 10-15% analcimised 
feldspar, but the rest was clear analcime. A feature. of the analis 
was the very high volatile content of the sample. The data suggests 
that the analcime has lost radiogenic argon but the age discrepancy 
may be caused by the presence of the altered feldspar. However, the 
replacement of feldspar by analcime probably occurred at adeuteric 
stage and should not affect the age. If analcime has a tendency to 
lose radiogenic argon, it might explain the spread in ages of the 
whole-rock samples dated from the Fife and East Lothian intrusions, 
for most of them contain at least a small percentage of analcime. 
The other two analcimes were from the Central Ayrshire alkaline 
sills: one from a lugarite vein (HS22) in the Lugar Sill (kaesutite 
date, 291 ± 7 m.y.) and the other from an analcime-syenite vein in 
the Howford Bridge sill near Mauchline (amphibole date, 56.8 ± 1.4 m.y.) 
(Chapter 6, Table 6.2). Analcime from the lugarite (HS22) gave dates 
(324 ± 7, 352 ± 9 m.y-.) that are much higher than that from the 
coexisting amphibole. This indicates the presence of excess argon in 
the analcime. Clear analcime formed only a small proportion in section 
and in the separate, but the purity of the analcime separate was 
confirmed by an X.R.D. determination. Although analcime in the 
lugarite was originally said to be primary (Tyrrell, 1912, 1917), much 
of it was later thoughtto replace nepheline (Tyrrell, 1948). 
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Excess argon in the analcime may have arisen from the post-
crystallization alteration of nepheline during which potassium loss 
and/or chemical fractionation of potassium isotopes (see below) 
occurred. Nepheline alteration products often contain excess argon 
(Gerling et al., 1969; Kononova & Shanin, 1971). Alternatively, 
analcime being a late-stage mineral may have trapped 40Ar at the time 
of crystallization or air argon in the mineral fractionated during the 
evacuation and baking pr6cedures giving an apparent excess:of 40Ar. 
The high gas content of the analcime when fused and the greater amount 
-of 36 A in it (4 x 10 	scc/gm), about ten. times that observed in 
other: samples, would support the latter two explanations. 
The interpretation of the Howford Bridge anlcime (HS38) dates 
(167 ± 3, 33 ± 2 m.y.) is also difficult. The analc.ime in the 
analcime-syenite was fresher than in the lugarite but the separate 
contained more than 50% partly analcimised plagioclase grains. The 
difference in the apparent radiogenic argon contents between the two 
analyses is ouzzlin. The measured 40Ar/38Ar ratios for both analyses 
were similar, but the Ar/ Ar ratios were totally different, being 
far higher in the second analysis (KA 1010). Two possibilities are 
envisaged: (a) Ar isotopes are inhornogenous in the analcime; or, 
(b) fractionation of atmospheric 36 A with respect to. 40At has occurred 
in the first analysis (KA 1001), probably during baking. 
Discussion. All three analcimes dated gave ages that differed 
from coexisting micas and amphiboles. The suggestion by York et al. 
(1967) that analcime may contain excess argon is borne out in the case 
of the analcime from lugarite. However, cases of argon loss were also 
noted. The behaviour of the mineral may be governed by its channel 
structure which could be conducive to the absorption of argon. 
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As analcime is a late-stage mineral crystallizing from the 
vapour phase (see above), conditions are favourable for the occlusion 
of argon or other gases present in the vapour. This is supported 
by observations during the fusion for argon analysis that analcimes 
have a. gas content several times that of other minerals. If the 
gas phase at the time of crystallization contained mainly atmospheric 
argon, as might be the case for most volcanic rocks and shallow 
intrusions, it would be unlikely to affect the age of the mineral. 
Cadogan (1977) has shown that by the Devonian at least, the 
atmospheric 4OAr/36Ar  ratio was near to that of the modern atmosphere. 
Thus the usual atmospheric correction would remove the effect of this 
initial argon. In many instances, however, the ga phase in a magma 
may contain excess 40 A (from radiogenic 40 A from the crust); late-stage 
minerals, for example in pegmatites, would be especially prone to 
occlude excess argon as is frequently observed (Dalrymple & Lanphere, 
1969). The channel bearing analcime structure would be very likely in these 
circumstances to occlude relatively larger amounts of argon than other 
minerals. 
Excess argon in analcime may also be explained by chemical 
fractionation of K isotopes by a cation exchange process, increasing 
the 40K/K total ratio. Fractionation of K isotopes has been observed 
in experimental situation (Dalrymple & Lanphere, 1969) and high ages 
in zeolite-rich basic rocks have been attributed to this process 
(Fitch et al., 1970), but no concrete evidence has been obtainedas 
yet on natural zeolites or on related feldspathoids (which can also 
contain excess argon and are susceptible to cation exchange processes). 
An apparent excess of 40Ar could also be observed if atmospheric 
argon adsorbed by the mineral were fractionated when the fusion line 
was being baked and evacuated prior to sample analysis. However, 
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analcimes (apart from calcic varieties) do not adsorb significant 
quantities of argon, unlike other zeolites (Breck, 1974). 
The ability of analcimes to retain argon over long periods 
of time is unknown. Argon loss observed could be explained by slow 
diffusion from the mineral and it is possible that argon held in the 
channels could be pumped out in the vacuum line. 
It is clear that analcime is not suitable for K-Ar dating, 
although its K-Ar characteristics are very interesting. Its effect 
on the age of whole-rock basalt samples is not thought to be great 
as it is usually present in small quantitites only; its potassium 
content is low and it is less likely to be exposed to adsorption and 
fractionation effects. In many cases excess argon rin analcime may 
balance argon loss from other minerals and may not be noticed. Overall, 
the presence of analcime may just add to the variability of whole-rock 
dates. 
3.3 	K-Ar Dating of Whole-rock Basalts 
3.3.1 Sample selection 
It is common practice to examine a thin section of the whole-rock 
sample prior to dating so that those which are suspected of having lost 
argon may be rejected. 
In principle, a basalt composed of good retainers of argon should 
itself retain argon well, and does so in practice. The potassium in 
basalts is usually concentrated in the last phases to crystallize. 
Electron probe studies reveal that potassium occurs abundantly either 
in groundinass K-feldspars (a.northoclase or sanidine) in holocrystalline 
rocks or in the interstitial glass in others (Mankinen & Dalrymple, 1972). 
Potassium is also abundant in secondary alteration products in plagioclase, 
but low in fresh plagioclase (Miller & Mussett, 1963). 
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The ability of basaltic glass to retain argon is questionable. 
On the one hand, it has been demonstrated that fresh glass has retained 
argon quantitatively for around 1000 m.y. (Philpotts & Miller, 1963; 
Fahrig &Wanless, 1963), and McDougall et al. (1966) and Webb & 
McDougall (1967) found little or no. argon loss from some basalts 
containing up to 15% glass. Conversely, there are many examples of 
basalts of all ages, even those with little or no devitrified glass, 
showing considerable argon loss (Dalrymple & Lanphere, 1969; Mankinen 
&Dalrymple, 1972). 
The degree of alteration is also very important in sample 
selection. Miller & Mussett (1963), in a study of the Whin Sill, found 
that argon retentivity was closely linked to the state of alteration - 
the most altered samples gave the lowest ages, although all samples 
were altered to some extent. However, the degree of alteration which 
can be tolerated is not well defined, and as Baksi et al. (1967) 
appreciated, thin section examinations do not provide absolute criteria 
for sample selection. Samples with considerable secondary 
mineralization or with xenoliths or xenocrysts should not be analysed. 
Evernden et al. (1964) rejected samples showing alteration 
and weathering effects, such as kaolinisation of feldspars and 
chloritisation of pyroxenes, while Amaral et al. (1966) allowed 
approximately 2% weathering and 5% deuteric alteration. In addition, 
deuteric alteration of olivine did not affect retentivity. Mussett et al. 
(1972) established a five stage classification based on the state of 
the feldspars, using altered samples from the Mull lavas: only those 
rocks in which alteration in feldspars was limited to the cracks in 
the mineral gave reasonable ages. Erickson & Kulp (1961) reported that 
the fine and chilled phases of the Palisades Sill retained argon 
completely, whereas medium to coarse phases showed a retentivity of 85%. 
This, however, may be more a function of mineral composition, as the 
latter phases may contain perthitic K-feldspars. 	 . 
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From this discussion it is evident that whole-rock basalts most 
suitable for dating are holocrystalline and free from alteration. 
However, the chances of obtaining such fresh specimens in many 
basaltic sequences can be small, especially in Palaeozoic lavas. 
It is necessary, therefore, to use other tests of reliability, such 
as dating several related samples to establish internal consistency. 
But. comparison of whole-rock ages with those of minerals retentive of 
argon, remains the most effective method. For example, Webb & McDougall 
(1967) analysed sanidine from rhyolites co-genetic with the mid-Tertiary 
basalt lavas and established that no detectable argon leakage had 
occurred from many of the basalts despite some alteration. More 
relevant was a study of the East Lothian lower Carbbniferous volcanics 
(de Souza, 1974). Sanidine ages from trachyts which overlie a 
basaltic sequence indicated that the basalts analysed had lost little 
or no argon, despite considerable amounts of alteration, especially 
in the groundniass. This study indicates that the less rigid sample 
selection criteria, with respect to the amount of alteration permissible, 
may also apply to basalts of Carboniferous age. This is very useful 
as unaltered, holocrtalline basalt lavas have never been found in the 
Scottish Carboniferous. 
3.3.2 Alteration in the Carboniferous lavas 
All the lavas examined in this study were altered to some extent. 
In a few, this was limited to the alteration of olivine to 'iddingsite" 
or amorphous greenish minerals, mainly mixed layer smectite and chlorite 
(Wilshire, 1958). The various types of deuteric alteration of 
olivine described by Baker & Haggerty (1967) have been recognised, 
including the strongly pleochroic 'Tiddingsite" which they attribute 
to the increased ordering of phyllo-silicate/goethite intergrowths and 
hence more common in. pre-Tertiary lavas. These authors also state 
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that the chloritic mesostasis associated with deuterically altered 
olivine in basaltic lavas, indicates a reaction between the residual 
liquids and mafic minerals, which often proceeds to temperatures. 
below 40000. This would imply that Carborilferous basalts with 
chloritic mesostases but with feldspars and pyroxenes fresh, can be 
considered to be deuterically altered only. 
A more common alteration feature is the albitization of feldspars, 
especially in the hawaiites and mugearites (MacGregor et al., 1925; 
Richey et al., 1930; Francis et al., 1970). As albitization is often 
localised and does not usually affect the more basic lavas, Bailey 
& Grabham (1909) postulated that it was an internal process occurring 
at a late magmatic stage in the volatile rich, less basic lavas; a 
view also taken by Clark (1956) for the Arthur's Seat lavas. 
Zeolitization is another widespread alteration feature, 
especially in the basalts in the Kilpatrick and Renfrewshire hills. 
Like albitization, it is often associated with the feldspathic lavas. 
Analcime is the most common zeolite, occurring with other zeolites in 
amygdales, and on its own in veins in the lavas (MacGregor et al., 1925). 
The zeolites are late-stage minerals and research in many basaltic 
sequences world-wide indicates that they are formed during regional 
hydrothermal alteration occurring after burial of the lava pile 
(e.g. Ade-Hall et al., 1971). 
The CO2-metasomatism noted by MacDonald (1973) in the lavas 
near Meikie Bin in the Campsie Fells probably resulted from the activity 
of a central volcano in this area. A similar conclusion applies to the 
intensely altered lavas near Misty Law and Irish Law in the Renfrewshire 
Hills. 
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The location and petrography of samples analysed in this study 
are given in Appendix II. The state of alteration in whole-rock basalt 
samples was described and classed using a five stage relative scale of 
alteration ranging from very fresh (I) to almost complete alteration of 
K-bearing phases (v). The increase in alteration seen in thin section 
was often gradual and the classification of a sample relies to some 
extent on the judgement and experience of the petrographer. A. special 
difficulty arose with the classification of glassyrocks, for all minerals 
and glass may appear fresh yet the rock would seem to have lost argon in 
many cases. These rocks have therefore been classed according to this 
scale, but mention of their glassy nature will be made in the text. 
The classification is as follows:- 
I 	Minor alteration of olivine, phenocrysts and groundmass fresh. 
II 	Olivine partly or wholly deuterically altered; minor cracks in 
feldspar phenocrysts; small amounts of interstitial chlorite 
in the groundmass; a little analcime seen. 
III 	Olivine totally altered; feldspar phenocrysts sericitised 
along cracks; chioritic mesostasis; interstitial analcime. 
IV 
	
	Olivine pseudomorphed by quartz and calcite; phenocryst and 
groundmass feldspars turbid and sericitised along cracks; calcite, 
chlorite and analcime and other zeolites may be present in the 
groundmass. 
V 	Mafic minerals almost completely replaced; feldspars albitised; 
groundmass cloudy. 
3.3.3 Investigation into the effect of alteration on whole-rock basalt dates 
1. 	Reliability of dates measured 
The investigation into the effect of alteration on whole-rock 
basalt dates was tackled in several ways. The first step was to check 
that reproducible dates could be obtained for the same flow. To do this 
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two or more samples several metres apart were dated from the same flow, 
three such flows being tested in this way: 
(i.) 	Samples HS1 ahd HS2 from a N. Ayrshire C.S.M. lava having 
alteration states of III and II gave dates of 320 ± 7 m-y. and 
315+ 7 m-y. respectively-(Chapter 	4, secticn 4.4.2 and Table 4.4). 
HS18 and HS19 (alteration state IV) from a C.S.M. lava in the 
Boquhan Burn, Fintry Hills, were dated at 267 ± 7 and 270 ± 7 rn.y. 
respectively (Chapter 4, section 4.1.2 and Table 4.1). 
HS11, 12 and 13 (alteration states II, III, II) from a 
Passage Group lava at Rashillhouse, N.Ayrshire, gave dates of 
300 ± 7, 299 ± 5 and  299 ± 7 m-y. respectively (Chapter 6, 
section 6.1.2 and Table 6.1). 
The above results indicate that there are no significant 
differences in the dates measured from different parts of a flow 
i (i.e. the 40  Ar/40  K ratio s essentially the same) despite slight 
variation in the alteration states of the samples used. 
2. 	Degree of alteration tolerated 
To exarriine what degree of alteration could be tolerated before a 
serious loss of radiogenic argon occurred, a sequence of variably altered 
flows in the Boquhan Burn, N. Fintry Hills, thought to be erupted within 
a short period of time ((2 m.y.) -was. dated (Chapter 4, section 4.4.2 
and Table 4.1). 
The fresher flows (HS15, 17 and 21: alteration states II to III) 
gave dates around 320 m.y. which agree well with the (revised) age 
of the Clyde Plateau lava pile. The dates of the more altered samples 
(HS16, 18, 19 and 20) were also consistent, although much lower 
(average 273 ± 10 m.y.). Samples HS16, 18, 19, and to some extent HS20, 
all showed a considerable loss of potassium compared with the average 
value of 1.1% quoted by Tomkeieff (1937) for this type of rock. This 
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loss of potassium, one of the most mobile elements during alteration 
(e.g. Wood et al., 1976), must have occurred during the process of 
albitization and the average age of these lavas should represent the 
age of this event. 
From this it may be concluded that rocks altered up to about 
stage III can give dates that are reasonably close minimum ages. 
Examination of the data obtained from other holocrystalline rocks in 
this study tends to support this conclusion. 
3. 	Microprobe study of potassium distribution 
In order to assess further the effect of alteration on whole-rock 
ages, the potassium distribution and more importantly the nature and 
condition of the fine-grained interstitial phases in samples from 
Kintyre and from the Passage Group lava at RashilThouse, N. Ayrshire, 
were investigated with an electron microprobe. Slices for microprobe 
examination were cut adjacent to the portion removed for the K-Ar 
analysis. Details of the method and the analyses are in Appendix III. 
Kintyre basalts. Three of the Kintyre basalts dated, MV201, 
217 and 226, were examined, the fourth, MV222, being similar to MV217. 
Groundmass alkali feldspar laths and scraps of biotite appeared to be 
the main K-bearing minerals (about 3% K 2 0 measured) in MV201; 
plagioclases also contained . a little potassium ( 1% K 20). Similarly 
in MV217 the groundmass alkali feldspar laths contained about 6% K20; 
the green chloritic patches did not contain any potassium. In M11226 
no high-potassium minerals were found and potassium appeared to be evenly 
distributed in the feldspathic base. 
It would appear that in the Kintyre basalts most of the potassium 
is in minerals that are known to be highly retentive of argon. The 
alteration minerals examined did not contain any potassium and should 
not have any effect on the age. A glassy interstitial phase examined 
in MV201 contained about 1% K 20 and it could be less retentive of argon. 
However, there is only a small amount of this phase in the rock (4 1%). 
Passage Group lava. Two of the samples (HS11 and 12) from the 
Passage Group lava were examined. In HS11, olivine and labradorite as 
expected contained little potassium, the main K-bearing phase being 
groundrnass alkali feldspar laths. Analyses of the green alteration 
products confirmed that they were chlorite-clay mixtures. It is 
difficult from these analyses alone to be more specific about what 
type of clays are present. Significant amounts of potassium appeared 
to be held in clays in the groundmass. Several alteration minerals 
were analysed in HS12, the analyses (Appendix III) indicating that 
these were also chlorite-clay mixtures. Again, most of the potassium 
in this sample was in groundmass feldspars, but the alteration minerals 
analysed, especially the interstitial phases, contained notable amounts 
of potassium (up to 3%). 
Most of the potassium in the Rashillhouse whole-rock samples 
HSll and 12 appears to be held in groundmass alkali feldspars, the 
argon retentivity of which is good, as they are likely to be high 
temperature feldspars. The retentivity of argon in the chlorite-clay 
mixtures is less well established,, but nevertheless important, as 
some of them contain significant amounts of potassium. It is very 
probable that the argon. retentivity of these minerals controls the 
retentivity of the whole-rock. Their origin as a result of low-temperature 
deuteric alteration was discussed earlier; it is unlikely that any 
post-deuteric alteration has occurred in the other minerals as the 
feldspars in this lava are very fresh, unlike the turbid feldspar seen 
in some of the Bathgate Hills lavas, for example, which may have been 
subjected to post-formational alteration and reheating (see Chapter 5). 
Dating studies using clay minerals have shown that their retentivity 
of radiogenic argon is good, provided that they are not heated above 
c. 2000C (e.g. meson & Mitchell, 1974; A. Halliday, pers. comm.); 
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there is no evidence that the lavas in the Annick Water area have been 
reheated, although post-Passage Group teschenites occur to the north 
and south of the lava outcrop. A further consideration is the post-
deuteric changes in the alteration minerals, leading to the formation 
of highly pleochroic varieties (Baker & Haggerty, 1967): the latter 
are abundant in these particular lavas, but are associated with the 
breakdown of olivine and are potassium-poor. 
Nevertheless, some loss of radiogenic argon from less retentive 
sites in the alteration minerals has very possibly occurred in the 
Rashilihouse lava. This is indicated by the variations of age. with 
potassium content (Table 6.1); the slightly higher dates obtained on 
the samples with lower potassium contents suggest that the missing 
potassium-bearing phase has lost some of its radiogenic argon. It is 
more likely that it is the clay minerals rather than the feldspars 
that are lost during crushing (see below). 
3.3.4 Grain-size studies 
1. 	Introduction 
The importance of sample grain-size used in the argon analysis 
of whole-rock basalts has been shown by Baksi (1974), who recommended 
that samples showing incipient alteration should be crushed to 
approximately -10 + 30 mesh ( 71.5 + 0.5 mm) prior to argon extraction; 
this reduced atmospheric contamination and avoided fractionation of 
argon loosely held in inter-layer sites in clays which affected the 
ages obtained from single large pieces of basalt. Samples of the 
Kintyre and RashilThouse lavas were used in this study. 
Three grain sizes were arbitrarily chosen: -3.35 + 1.4 mm; -1.4 + 0.5 ram; 
and -0.5 + 0.18 mm. By coincidence, this range covered the minimum 
point in a plot of air argon v. particle size determined by Keeling 
& Naughton (1974). 
2. 	Apparent age variations with sample grain-size 
The dates obtained from the Kintyre samples show a considerable 
variation (Table 4.3)-. There is a significant decrease in potassium 
content with grain size fraction in the samples (except for MV201) with 
a corresponding decrease in 40Ar. The dates from the Rashilihouse rad 
lava samples (HS11, 12, Table 6.1) do not vary as much and neither is 
the decrease in potassium content with size fraction as marked. 
Analysis of the Kiñtyre data using isotope ratio plots (Chapter 4, 
section 4.2.2) indicated that something other than argon isotopic 
anomalies was responsible for the age variations. Histograms of age 
variation for each size fraction (Fig. 3.1(a)) show that there is a 
shift in the apparent age distribution from the largest to the smallest 
size fraction as can be seen in these averages: 
Size fraction 	All samples 	Less MV201 
-3-35 1 + -- 1;4 nun 	292 ± 12 m.y. 	287 ± 10 m.y. 
-1.4 + 0.5 mm 	291 ± 14 m-y. 	294 ± 16 m.y. 
-0.5 + 0.18 inni 	306 ± 11 m.y. 	311 ± 8 m.y. 
The shift is clearer if MV201 is omitted from the averages and may indicate 
that MV201 is younger than the other three samples. 
This trend in the dates could be caused by isotopic fractionation 
of adhering air argon during analysis (cf. Baksi, 1974). The smallest 
size fractions having a greater surface/volume ratio would be more 
contaminated by air argon for a given weight; fractionation of 36Ar with 
respect to 40 A during baking could result in higher ages being recorded. 
However, from an examination of the total 40 A (40ArT),  total 36 A (6ArT) 
and radiogenic 40 A (40Arrd) data in Table 4.3 it does not appear that 
any fractionation of argon isotopes has taken place; in fact, the 
atmospheric contamination for the smallest size fraction is similar to 
that of the other size fractions. 
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This can also be seen in Fig. 3.2, a plot of 40ArT v 36ArT 
both blank corrected, which shows that for most samples a fall in 
the 6ArT  content as baking procedures were improved, was accompanied 
-. by a corresponding decrease in 40 ArT. Where there is a steady decrease 
in 40ArT  and  6ArT  (e.g. MV222 -0.5 + 0.18 mm size fraction), a line 
through these points has a slope of approximately 275 ± 25, indicating 
removal of air argon from the sample without fractionation. 
A more acceptable explanation of the age variations is that when 
crushed samples lose some of the less retentive potassium-bearing 
phases in the groundmass. Hence, in the three samples (MV217, 222, 
226) where potassium decreases with size fraction (Table 4.3) the 
highest ages are measured for the smallest size fraction. Significantly. 
there are no such potassium variations for MV201 (Table 4.3) or HS11 
and 12 (Table 6.1) but the highest ages are recorded for those samples 
with lowest potassium contents. 
3. 	Apparent age variation caused by sample inhomogeneity 
The interpretation above still does not adequately explain the 
large apparent age variations for each of the Kintyre lavas (see the 
individual sample histograms Fig. 3.1(b)) and the spread in. the replicate 
analyses of individual size fractions. 
In Fig. 3.2 it can be seen that at lower values of 6ArT  the scatter %
of points is caused mainly by variations of 40 ArT which indicates 
that the samples are not homogeneous with respect to 40 Ard content. 
The macroporphyritic nature of some of the samples (MV217, 222, 226) 
is probably responsible for this inhomogeneity. This is supported 
by the microprobe study and by a study of potassium variation in 
MV217 and 226, the potassium contents of which, about 0.45% and 0.95% 
respectively, cover the range of the other samples. 
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In this study three more aliquots of each size fraction, 
equivalent in weight to the amount analysed for argon, were crushed 
to a fine powder and duplicate potassium determinations were made. 
(Table 3.1). The duplicate measurements show little variation (1% at 
the 95% confidence limit) but variation between each aliquot is 
greater. 
Thus in MV217 and 222, which are similar petrographically, it 
is suggested that sample Inhomogeneity is caused by a combination of 
tiny potassium-rich feldspar laths (K 20 = 6% or more) and very large 
(3-4mm) olivine and augite phenocrysts. The coefficient of variation 
of the potassium values of 1, V217 (2.2% on average) is similar to that 
in the radiogenic argon values (2.3%) (see Table 3. 72). A similar 
conclusion may apply to MV201, with tiny potassium-feldspars and 
biotite scraps responsible for variations in radiogenic argon. However, 
in MV226 potassium is well distributed and the .K-variation study 
shows a 0.8% coefficient of variation in potassium, well within the 
analytical uncertainties. But the 3.1% variation in 40Arrad content 
is obviously too large to be explained by sample inhomogeneity alone, 
and instead it may be related to the incomplete removal or variable 
distribution of less retentive K.--bearing phases. 
Summary. The apparent age variations in this study have been 
interpreted as resulting from the inhomogeneoüs distribution of 
potassium in the samples and the presence of less retentive phases. 
Their effects can be reduced by analysing whole-rock samples as smaller 
size fractions. All whole-rock samples analysed after September 1975 
were analysed as -0.5 + 0.18 mm sizes. There are no problems of 
radiogenic argon loss in analysing even smaller size fractions, and 
if suitable baking procedures are adopted (e.g. Hayatsu & Carmichael, 
1977) the atmospheric contamination can be reduced to a minimum. 
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3.4 	Sources of Atmospheric Contamination and Blank Measurements 
The atmospheric argon contamination mainly determines the 
precision with which- radiogenic 40Ar can be measured. In addition, 
40 	36 ' 40 3 it is an important limiting factor in the Ar/ Ar v. 1(7 Ar 
isochron interpretive method (se.e below). Attention was therefore 
0 
	
	 directed towards identifying sources of atmospheric contamination and 
reducing them to a minimum. 
Air argon contamination in analyses arises from three sources: 
from the extraction system, the copper foil in which the samples are 
wrapped, and from. the samples themselves. 
3.4.1 The extraction system 
In the extraction line air argon adheres to the walls of the 
fusion section, when the line is opened to load samples, and to the 
molybdenum crucible which is renewed for each batch of samples. The 
other parts of the extra6tion system are not usually exposed to the 
atmosphere except when ieplacing filaments in the titanium sublimation 
pump. The degassing and baking procedures followed in this laboratory 
(Appendix I) probably remove most of the argon. A spiked blank 
(without copper foil and following the usual extraction procedure) 
analysed shortly after the whole line had been exposed to the 
1 	 .. atmosphere 'but after baking for 48 hours) showed about 2 x 10 - 	40 scc Ar, 
which includes the 40Ar from the spike. This is essentially similar to 
the blanks obtained by Charlton & Mussett (1973) and Baksi (1973), 
for analyses carried out with degassed crucibles not subsequently 
exposed to the atmosphere, in their detailed investigations of 
atmospheric argon contamination from the extraction equipment 
3.4.2 Blanks 
Air argon adhering to the copper foil in which the samples are 
wrapped is less easily reduced and may only be removed when baking the 
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samples. The air argon contribution from the copper foil may be as 
great as that from the extraction system (see Table 3.3). The line 
blank, which may be defined as the 40 36 and 6Ar from the spike, the 
equipment and the copper foil, was measured regularly during the 
period of this research programme (Table 3.3). Each determination 
consisted of fusing copper foil of approximately the same weight 
as that used to wrap the samples (about 1 gm). The analytical 
procedures were exactly the same as those used for the samples, although 
pressures may have been higher for the latter despite freezing down 
gases on the molecular sieve and activated charcoal. The position in 
the multiple-loader (drop number) of the foil is plotted against the 
blank 6Ar/38Ar ratio in Fig. 3.3. 
For each of the high blanks indicated (I, II and III) minute 
leaks were later discovered in the titanium sublimation pump flanges 
and subsequent blank determinations were much lower. The higher 
blank values at drop numbers 7 and 10 were caused by the greater 
amounts of copper foil used ( 2 and 3 gms respectively). Apart from 
the first three drop numbers, the other blank values are similar and 
do not vary significantly for the different foils used or with baking 
times. The higher initial values may be partly caused by the metallic 
film, deposited on the walls of the sample tree, picking up power 
from the R-F heater and heating the glass, thereby introducing extra 
air argon, a point also made by Baksi (1973). This source of contamination 
is obviously diminished for the later drop numbers. The relevant 
blank values reported here, have been used in the calculations 
requiring blank corrections. 
3.4.3 Sample contamination 
It is much more difficult to quantify the atmospheric contamination 
arising from air argon adhering to the rock surface, which might take 
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place at outcrop or in the laboratory during crushing. Investigators 
dating young rocks have been aware of the problem (of atmospheric 
contamination) for many years and it has been normal practice (e.g. 
Dalrymple & Lanphere, 1969) to use large whole-rock chunks, so that 
the surface area exposed is minimised. However, problems with 
fractionation of loosely-held argon from large chunks (Baksi, 1974) 
and sample inhomogeneity necessitate the use of smaller size fractions. 
A study by Keeling &Naughton (1974) of the addition of atmospheric 
argon to rock surfaces during crushing indicates that there is little 
variation, in atmospheric contamination for particles ranging in size 
from 4 mm to 63 jAm, but it increases sharply for smaller sizes. Size 
fractions used in this study were between 3.35 mm and 84 Mm and there 
were no indications of significant variations of atmospheric argon 
(blank corrected) with grain size (see above). Baking will obviously 
reduce atmospheric contamination and the samples were all baked over 
night (about 12 hours) at 800  to 100°C 
3.4.4 Atmospheric argon variations in the Kintyre and Rashilihouse lavas 
During the analysis of the argon data from the Kintyre and the 
Rashilihouse Passage Group basalt it became apparent that there were 
atmospheric argon variations in these samples which were of relevance 
to the problems of atmospheric argon contamination in basalt samples. 
A plot of baking times v. 36 A (blank corrected) showed that each lava 
had a characteristic amount of 36 A (Fig. 3.4). Even after baking 
for 60 hours the 36 A contents were in the same order: 14V226< 201< 222 
1 217. This variation can be linked to the amount of green alteration 
minerals (chlorite and olivine alteration products which are a mixture 
of chlorite and smectites) in each lava. 
In M11226  most of the green material'is interstitial chlorite and 
although the amount of alteration is about 15%, olivine has been 
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replaced by iddingsite. In MV201, however, olivine is altered along 
cracks to a chlorite-smectite mixture so that the total amount of 
green material in each rock is around 5%. 
MV217 has around 20% green material from altered rnicroporphyritic 
olivines and from patches of chlorite in the groundmass, while MV222 
has about the same amount, mainly from the alteration of olivine. In 
Fig. 3.4 the data for MV226 is grouped on its own, while the rest 
almost overlap in their 36 A content (see Fig. 3.2 also) and it may 
be significant that in these three samples most of the green material 
is a mixture of chlorite-smectite and it is probable that this mixture 
controls the level of atmospheric argon. Only data for HS11 from the 
Passage Group Rashilihouse lava (see Chapter 6) is included in Fig. 3.4. 
This lava has more than 25% greenish material (mainly chlorite-smectite 
mixtures), and in line with the above, has a larger amount of 36 A 
(and hence atmospheric argon) present. HS12 is more altered than HS11 
and has a higher 36Ar content. 
The behaviour of these samples is in accord with the suggestion 
made by Baksi (1974) that smectites trap atmospheric argon in interlayer 
sites, because of the swelling caused by hydration and he notes that 
samples containing "larger amounts of loosely held atmospheric argon 
also show slightly greater amounts of the clay minerals" (p.436). 
However, assuming that the loosely held argon has been removed by 
crushing and baking the samples, it would appear that there is a more 
strongly held component of atmospheric argon which is reduced to a 
minimum only when the samples are heated to higher temperatures or over 
a prolonged period. A temperature of about 400 °C is indicated by 
40Ar/39Ar step-heating studies on clays (Halliday, pers. comm.) or 
baking times of 120 hours, if the data in Fig. 3.4 is extrapolated back. 
Hayatsu & Carmichael (1977) advocate the use of freshly crushed samples 
which have been baked for 18 hours at 190 °C to reduce air argon 
contamination to a. minimum. 	 . 
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There is no evidence in these samples that fractionation of 
air argon has occurred during baking as reported by Baksi (1974). If 
it had taken place there should have been a positive correlation 
between higher air. argon contamination and higher dates. In fact, 
MV222 and 226 with their different atmospheric contents give similar 
ages for the -1.4 + 0.5 mm and -0.5 + 0.18 mm size fractions (Fig. 3.4 
and Table 4.3). The effects of such fractionation could have been 
masked by the greater amount of radiogenic argon present (compared 
with the 15 m.y. basalts used by Baksi, 1974) or by variations in 
radiogenic argon content arising from sample inhomogeneity. 
The correlation of the level of air argon contamination with 
the amount of alteration in whole-rock samples suggests that the air 
argon contamination has been introduced into the rock during the 
alteration process, perhaps from the fluids responsible for the 
alteration. A certain proportion must also have been introduced into 
the interlayer sites in the clay minerals and other sheet silicates, 
such as chlorite, during sample preparation. For instance, it has 
been previously noted that biotites usually contain more atmospheric 
argon than other minerals or b.sa1ts (Dalrymple & Lanphere, 1969). 
3.5 	K-Ar Isochrons 
3.5.1 Principles 
Two types of isochron plots are used to interpret K-Ar data 
(Shafiqullah & Damon, 1974): the 40 A d 
 V. 40K isochron and the 
4 Ar/ 6Ar v. 40K/3 6  Ar isochron (or isotope ratio plot). 
40 	40 
Arrad_v. 	Kisotope plot. In this plot radiogenic argon is 
calculated on the assumption that all the measured 36 Ar is derived 
from the atmosphere. A straight line (or isochron) on this plot will 
have the equation 
40 A 	= 40 A + j 40K (e> - 1) ra 1 	x 
where 40A1 = excess argon or argon loss (if negative). The slope is 
proportional to the age or time of crystallization of the samples 
defining the line. 
A suite of coeval samples will give an isochron with a positive 
intercept on the 40 A d axis only if they have a constant amount of 
excess argon (given by the intercept 40A1 ). The conventional ages will 
decrease with increasing potassium towards the isochron age. The 
reverse applies for samples losing constant amounts of 4 40 Arrad ( - Ar 1 ). 
Samples obeying the basic assumptions plot on an isochron passing 
through the origin, with an age equal to the individually calculated 
ages. Samples with different amounts of excess argon or diffusional 
loss do not define isochrons. More complicated situations and examples 
have been discussed by Harper (1970) and Shafiqullah & Damon (1974). 
40Ar/36Ar v.  40K/36Ar  isotope ratio plot; The use of this plot 
has arisen from the realisation that many rocks may have incorporated 
argon (initial argon) of different isotopic composition from 
atmospheric argon, at the time of the closure. Evidence for the 
presence of initial argon in rocks has come from several sources: 
Mussett & Dalrymple (1968) found that samples contained significant 
amounts of atmospheric argon despite great care taken to exclude 
atmospheric contamination in the laboratory; it has often been noted 
that although 36 A values may be reproducible for individual samples, 
they vary from sample to sample (Dalrymple & Lanphere, 1969; Hayatsu & 
Carmichael, 1970); in very young rocks, small quantitites of excess 
40Ar have been found (e.g. Dalrymple, 1969; McDougall et al., 1969; 
Krurnmenacher, 1970); and in the Ar/ Ar step heating technique 
atmospheric 36  Ar is present even at the highest temperature release 
step, indicating that a significant amount of 36 A is firmly held 
within crystals (Lanphere & Dalrymple, 1971). 
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The use of isotope ratio plots analogous to those used in the 
Rb-Sr method avoids making any assumption about the initial 40 Ar/ 36Ar 
ratio. The amount of radiogenic argon in a sample is given by the 
equation 
40 
rad = 40K )e (e)tt - 1)
Ar
Assuming that the rock has incorporated argon at time t o with an 
initial ratio (40Ar/36Ar)1 the measured ( 40Ar/ 6Ar) ratio will be 
( 40Ar '\ - 40 	40' +" G" k 	Xe (e)\t - 1) 
\.36) - "6Ar' 	6A) A in 	I m 
A suite of coeval samples with a common initial ratio (but not necessarily 
the same amount of initial argon) and different amounts of potassium 
will define an isochron, the slope being proportion'al to the age of 
the samples and the intercept on the 40 Ar/36  Ar axis giving the ratio 
of the initial argon (B in Fig. 3.5). The addition of variable amounts 
of atmospheric argon would scatter the points on the isochron driving 
the replicate analyses of each sample down a straight line (or mixing 
line) with an intercept on the 40Ar/36Ar axis at the atmospheric argon 
ratio 295.5 (A in Fig. 3.5). The slopes of the mixing lines will give 
erroneous ages and the scatter of the data from the suite of samples 
in the area A B C in Fig. 3.5 is unlikely to define an isochron with 
the correct age. 
Isotope ratio plots were used by McDougall et al. (1969) on the 
assumption that atmospheric argon was present - hence their plots were 
only valid for fixed amounts of atmospheric argon contamination. 
Shafiqullah & Damon (1974) also made the same assumption, adding that 
the 	Ar/36  Ar ratio was always 295.5, i.e. all Ar was atmospheric in 
origin. 
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In contrast, Hayatsu & Carmichael (1970, 1977) have pointed out 
that the value of such plots, in distinguishing the initial argon 
composition and correcting the age, is only realised when the 
atmospheric argon contamination is removed. 
A major source of confusion would appear to be the volume over 
which initial argon/potassium ratios are homogeneous. Hayatsu & 
Carmichael (1970) and Hayatsu & Palmer (1974) used widely separated 
hand-sized samples from intrusions - their replicate analyses on thèse 
samples generally plotting on the same point, although small scale 
inhomogeneities were noted- by the latter in individual minerals. 
Hayatsu & Carmichael (1977) have also assumed that the initial argon/ 
potassium ratio is homogeneous in a crushed sample.' On the other hand, 
Mellor & Miissett (1975) and Fitch et al. (1976) assumed that initial 
argon is not homogeneous on a small scale in volcanic rocks, so that 
it is possible to obtain an isochron from replicate analyses of a 
single crushed hand sample or core. Replicate analyses on hornblendes 
from an ultramafic intrusion (Roddick & Farrar, 1971) also show these 
to have different amounts of initial argon. A consequence of this 
inability to agree on the scale over which initial argon is homogeneous 
is that it may not be possible to distinguish between mixing lines and 
isochrons, if the initial argon ratios are near 295.5. An example of 
this is the. single whole-rock isochron obtained by Fitch et al. (1976). 
Most of the examples of isochrons in Mellor & Mussett (1975) cannot be 
regarded as genuine, as their assumptions that atmospheric contamination 
and potassium variations are small are not borne out by an examination 
of their data sources in Purdy et al. (1972) and Evans et al. (1973). 
Indeed, the former conclude that regressions of their data plotted 
on an isotope ratio plot have Ar/ Ar intercepts which do not differ 
from 295.5. Furthermore, in one of their samples a potassium variation 
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of 12% occurs over a short distance (<5 cm). In neither of these 
studies is there any indication that the genuine atmospheric contamination 
was minimised. Therefore, although the evidence for small scale 
inhomogeneities of initial argon is meagre, the poâsibility that they 
occur cannot be dismissed. 
3.5.2 K-Ar isochron analysis 
Isochron analysis, using both the 40Ar 	V. 40K and 4 Ar/ 6Arrad 
V. 	K/ Ar diagrams, was-used wherever possible but the results are 
somewhat ambiguous. In theory, isochron analysis is a powerful tool 
and is very useful for analysis of rocks containing excess argon. 
With basaltic rocks which may have suffered argon loss and have small 
amounts of atmospheric argon contamination when analysed, the isochron 
analysis becomes very difficult (Shafiqullah '& Damon, 1974). 
It is essential in the isotope ratio plot that atmospheric 
contamination is reduced to a minimum. However, the evidence from 
the Kintyre basalts indicates that small amounts of atmospheric argon 
continue to he held by the rock in the alteration minerals (clays and 
chlorites) despite prolonged baking; the validity of isochron ages 
is therefore suspect. Nevertheless, many statistically significant. 
isochrons have been obtained with lower than atmospheric 4 Ar/ 6.Ar 
intercepts. 
These have been interpreted as indicating small losses of argon 
from individual samples giving apparently low initial argon ratios, 
rather than the presence of initial argon with a Ar/ Ar ratio less 
than atmospheric. The equation for such isochrons is 
(40Ar = (2K_e.t - 1) + r( 40Ar + (40Ar - I 40Ar 
\ 36A 'm 
 \36ArJA 	 [36.) 	36A 	36Ar 
A = atmospheric argon and D = argon lost by diffusion. 
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For samples of the same age and plotting on a straight line the terms 
within the square brackets must be a constant. Evidence for 	- 
(40Ar/36Ar) being less than atmospheric (e.g. Mellor &Mussett, 1976) 
0. 
is not convincing; if the initial argon is from the paleoatmosphere, 
available evidence (e.g. Cadogan, 1977) indicates that it will be very 
near the present day atmospheric argon ratio; if it is derived from 
other sources or by some fractionation effect it is very unlikely to 
be the same in different samples. Assuming that the initial argon has 
a 40Ar/36Ar  ratio near atmospheric then the main influence on lower. 
40Ar/36Ar intercepts will be (40Ar/36Ar). . The atmospheric argon 
contamination must also exert some control on the position of points 
on the isochron plot. This is borne out by the observation that 
most duplicates do not plot near each other. 
Two reasons are suggested for the good isochrons obtained. 
Firstly, the atmospheric contamination is low and points plot high up 
their mixing lines.. Secondly, the mixing lines intersect the 
contamination-free isochron at low angles so that their slopes are 
similar to it. This is illustrated in Fig. 3.6. The relatively 
high errors (compared with Rb-Sr isochrons) on the 40Ar/ 6Ar (1.5%) 
40 and K/ 6Ar (2.5%) ratios probably help in concealing some of these 
variations. 
For samples plotting on a straight line with a low intercept, 
their 40Ar rad  losses should be similar, However, the large errors on 
the intercepts obtained here indicate that they are not, although they 
may be of the same order of magnitude. This is confirmed by the 
40Ar v. 40K plots; 
To conclude, isochron analysis was conceived as an aid to interpreting 
variations of conventional ages where these were caused by the presence 
of anomalous argon; when the a priori assumptions of such analyses, that 
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samples are coeval and have not lost argon (as far as the isotope ratio 
plot is concerned), are violated, the spurious isochron ages obtained 
can be misleading. The Southern Scotland and Burntisland isochrons 
are an example of this. In both these isochrons certain samples with 
low 40K/36Ar ratios have probably lost argon as they are glassy 
(MIL40B in the S. Scotland isochron, Tables 5.5, 5.6, Fig 5.8 and 
HS .161 and MV407 in the Burntisland isochron, Table 5.3 and Chapter 5, 
section 5.3). The effect is to rotate the isochron thus giving a higher 
isochron age. However, where coeval samples have suffered argon loss 
of a similar magnitude the isochron age obtained may be near the true 
age of formation; the Passage Group lavas' isochron may be an example 
of this. 
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B. REVIEW OF CARBONIFEROUS AGE DATA 
3.6 	The Carboniferous Time-Scale 
3.6.1 Data quality 
The Carboniferous period is one of the best studied in terms of 
the number of ages available mainly because of the great volume of 
igneous rocks associated with economic rocks (Lambert, 1971). The 
individual points of the current time-scale have been discussed by 
Francis & Woodland (1965) and Lambert (1971) in a review of worldwide 
data. The time-scale, modified by Fitch et al. (1970) with new data 
from British rocks is depicted in Fig. 3.7. The large amount of data 
available does not carry an equal certainty about the boundaries of 
the period of the internal stages and the quality of the data in the 
1964 compilation may be faulted on several points: 
Much of the data consists of individual Rb-Sr mineral ages 
using an assumed initial Sr/ Sr ratio which introduces some 
uncertainty into the age. Some of this data is also poorly replicated. 
The uncertainty in the decay constant of 87 R causes a 
corresponding uncertainty in the ages which may sometimes be of the 
order of a Carboniferous stage (10-15 m.y.). 
Time-scale work requires precise stratigraphic control and many 
of the ages are from intrusive bodies (mainly granites) the stratigraphic 
age of which is usually inferred. Additionally, these intrusions are 
often dated by the Rb-Sr method. 
Whole-rock K-Ar ages quoted may not be accompanied by adequate 
petrological information and sometimes little or no analytical data is 
included. This can be a serious drawback as whole-rock samples of 
this age are likely to be altered in some way. 
75 
(e) 	More seriously, many of the points on the time-scale are based 
on single ages from different provinces which causes many uncertainties 
when long-distance stratigraphic correlations are weak (see Francis 
& Woodland (1964) for a discussion of international stratigraphic 
correlations). 
3.6.2 Dinantian time-scale 
The Devonian-Carboniferous boundary, originally at 345 m.y. 
(Francis & Woodland, 1964) was extended to 360 m.y. (or 370 m.y. for 
a 
 
87 	 10half-life of 4.85 x 10 10yr) by Lambert (1971). This wa's based 
on the 362 ± 6 m.y. K-Ar biotite dates obtained for Upper Devonian 
volcanics from Victoria, Australia (McDougall et al., 1966). Rb-Sr 
whole-rock and feldspar isochrons using the 4.85 x 10 -10  yr half-life 
give the best agreement between the K-Ar and Rb-Sr ages. The 360 m.y. 
estimate is supported by the 355 ± 7 m.y. date obtained for the early 
Tournaisian lavas in Southern Scotland (de Souza, 1974) and the 
359 ± 7 m.y. date for an early Clyde Plateau lava which " is most 
probably of Tournaisian age" (Fitch et al., 1970, p.773). 
The Tournaisian-Visean boundary was placed at 350 ± 5 m.y. 
by Fitch et al. (1970) and this has been confirmed by the 345 ± 5 m.y. 
age of the early Visean lavas of East Lothian (de Souza, 1974). Other 
Dinantian ages compiled by George et al. ( 1976) are consistent with the 
earlier estimate of the Dinantian-Silesian boundary at 325 ± 5 m.y. 
based on the 322 ± 12 m.y. age of the early Namurian Hillhouse sill near 
Linlithgow (Francis & Woodland, 1964; Miller & Brown, 1965). 
3.6.3 Silesian time-scale 
The Namurian-Westphalian boundary estimated at 310 m.y. (Francis 
& Woodland, 1964) is supported by the 308 ± 10 m.y. Barrow Hill 
intrusion which cuts sediments of mid-Westphalian age in England 
(Fitch et al., 1979). There is some disagreement over the age of the 
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Westphalian-Stephanian boundary. Fitch et al. (1970) prefer 
300 ± 5 in.y. because of widespread intrusive and hydrothermal activity 
at about 295 m.y. which they interpret as being of early Stephanian 
age (Fitch & Miller, 1964). This estimate is consistent with the 
date. of 298 m.y. obtained for the Stephanian Paterson toscanite lava 
in Eastern Australia (Evernden & Richards, 1962) although the 
determination is not considered reliable by the authors. An alternative 
date for this lava is 278m.y. (Harland et al., 1964, Item 30). 	- 
Additional evidence supporting Fitch et al. (op. cit.) is the 
306 ± 7 m.y. Rb-Sr age (X = 1.47 x 10-11  /yr) for granites with -granophyric 
veins cutting Westphalian C or D sediments (Harland & Francis, 1971, 
Item 356), but Lambert (1971) thinks that the definition of the 
stratigraphic position and the correlation of the veins with the 
granite are weak although the age is most reliable. Francis & Woodland 
(1964) preferred 290 m.y. for the Westphalian-Stephanian boundary -
because of the 279 m.y. date of the Paterson toscanite and other 
minimum ages of Westphalian sediments between 290 and 300 m.y. The 
date of 298.± 6 m.y. obtained from sanidine isolated from a tuff of 
Westphalian C age in West Germany (Damon & Teichmuller, 1971) makes 
the F±ancis& Woodland (op. cit.) estimate more probable. 
The Permo-Carboniferous boundary is also equivocal but the age 
at 280 m.y has been unchanged since first suggested by Kulp (1961). 
It is now put at 280 m.y. on the general agreement of three individually 
unreliable sets of ages (Lambert, 1971). The age of 280 m.y. for the 
Exeter Traps at the base of the New Red Sandstone (Miller et al., 19 61) 
is not helpful because of the uncertain stratigraphic position of these 
lavas. 	 - 
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3.7 	Carboniferous-Permian Ages from Scotland 
All currently available Scottish Permo-Carboniferous dates are 
listed in Fig. 3.8. On the basis of 15 dates Fitch et al. (1970) 
established six magmatic episodes; these were: 
Early Clyde Plateau 	 359 ± 5 m.y. 
Arthur's Seat Edinburgh (late C2 zone) 	347+ 5 m.y. 
Burntisland, D volcanism 	 338 ± 4 m.y.. 
Early Namuriari activity,. N. Lothian 	322 ± 16 m.y. 
Tholeiitic magmatism 	 c. 295 m.y. 
Alkali-basalt magmatism, Lomond Hills 	270-280 my. 
The intrusion of quartz-dolerites at around 295 m.y. is in good agreement 
with the age of the co-magmatic Whin Sill at 296 ± 6 m.y. (Fitch & 
Miller, 1967), while the close grouping of the apparent ages from the 
Lomond Hills strongly implies an early Permian event. The other 
episodes are based on single dates only and must therefore be regarded 
as tentative. However, some of these episodes are supported by dates 
obtained by do Souza (1974). 
355 ± 7 m.y. - extrusion of the Birrenswark and Kelso lavas which 
were probably contemporaneous with the early Clyde Plateau lavas. An 
early Tournaisian age was preferred for these lavas as thick Upper 
Tournaisian sediments (C1 zone) are developed above these lavas. 
345 ± 5 m.y. - formation of the Garleton Hills lava plateau, 
East Lothian. Sanidine dates (mean 346 ± 9 m.y.) from trachytes 
overlying the basalts (348 m-y., 337 m.y.) define a close minimum age 
for this episode which is consistent with the ages of the Arthur's Seat 
lavas and the younger E3urntisland lavas. 
311 ± 8 m.y. - a group of six dates from East Lothian and 
S. Scotland indicates an alkaline intrusive event in late Namurian and 
early Westphalian times. These dates are from teschenites and divine 
do-lerites previously thought to be of Lower Carboniferous age 
(e.g. dough et al., 1910). A K-Ar whole-rock date of 299 ± 7 m.y. 
for an olivine dolerite at Roscobie, which is part of the W. Fife 
sill complex (Milton, 1973) is in.agreement with the above. 
(4) 	288 ± 5 m.y. - this date from a quartz-dolerite dyke is consistent 
with the c. 295 m.y. tholeiitic episode. 
The East Lothian phonolitic trachyte intrusions, N. Berwick Law 
and Traprain Law, both give K-Ar whole-rock dates of 323 ± 5 m.y. 
(Traprain Law dated by G.P. Bagdassarian; B.G.J. Upton, pers. comm.). 
These ages are ambiguous as the intrusions can be linked chemically 
either to the early basaltic phase (345 ± 5 m.y.) or to the later 
mainly silica-undersaturated intrusive phase (311 ± 8 m.y.). The first 
possibility is more likely as the whole-rock phonolites are probably 
not good argon retainers because of the presence of low-temperature 
feldspars in the groundmass. 
East Fife. Eighteen K-Ar whole-rock dates have recently been 
determined for the East Fife intrusions (Forsyth & Rundle, in Forsyth 
& Chisholm, 1977, pp137, 179). Their best minimum estimate for the 
intrusion of the oliviné dolerite sill complex, 304 ± 12 m.y., is in 
good agreement with the East Lothian data. The dates from the sill 
complex range from 235 to 304 m.y. and Forsyth &Rundle(op. cit.) 
consider that the apparent age spread is caused by argon loss, although 
all samples were very fresh (I. Forsyth, pers. comm.); significantly 
perhaps the highest dates were obtained from the fine-grained samples. 
Five of the necks dated gave apparent ages between 282 and 289 m.y. 
and Forsyth .& Rundle regard 289 ± 10 m.y. as the best minimum estimate 
for their emplacement; the other necks gave lower dates probably because 
of argon loss. The average age of the five necks, 285 ± 4 m. is 
similar to other K-Ar whole-rock dates from these necks (Macintyre 
& Chapman, in preparation). 
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Permo-Carboniferous Lamprophyres. A late Carboniferous age 
was proposed for these dykes by Urry & Holmes (1941), who dated the 
Colonsay ouachjtite by the U-He method. Several K-Ar ages have been 
obtained since then, but the validity of the whole-rock dates is 
difficult to assess, because many of these rocks are glassy and likely 
to have lost radiogenic argon. The K-Ar amphibole dates (271 ± 7 
and 268 ± 8m.y.) for a Ross of Mull fourchite dyke (Beckinsale & 
Obradovich, 1973). are considered the most reliable. Flett-Brown (1975) 
reports an age of 240 ± 12 m.y. for the Orkney camptonites, but the 
analyses show great variations and the rocks have probably lost 
radiogenic argon, a conclusion that is supported by the 283 ± 9 rn.y. 
K-Ar date quoted .by Mykura (1976) for the Orkney lathprophyres. 
However, Halliday et al. (1977) have recently obtained a K-Ar date of 
235 m.y. for an Orkney monchiquite. 
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TABLE 3  
Potassium Variation Data MV217 and MV226 
Sample Description 
MV217 
- 3.35 + 	1.4mm W.R. 	Basalt Powder Split 1 0.1+90 
2 0.1+ 81 
3 0.479 
4 0.501 
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- 3.35 + li+mm 
-1.4 +0.5mm 
- 0.5 + 0.18mm 






1.8 0.9 0.4 4.1 
1.5 +.2 0.9 1.9 
3.3 1.8 1.1 3.2 
TABLE 3.3 
Blank Measurements 
Posi - Argon Mass Measured 40 
Measured 40 36 tion Copper Run Run Ar/38Ar 6Ar/8Ar Vol 	Ar VolAr in 
Tree 
Foil No. gm -2 xlO -4 xlO xlO 8 SCC X10- 
10  scc 
C KA 710 1.07 13.4+ 5.13 18.1 6.9.:. 
C KA 913 1.19 15.11 5.61 22.3 8.3 
2 D KA 951 1.62 .4.46 1.91 6.5 2.8 
E KA 1284 1.05 14.76 5.80 19.3 7.5 
3 D KA 962 0.92 4.27 1.57 6.2 2.3 
E ((A 1215 0.839  20.87 8.20 27.9 .10.9 
E KA 1227 0.982 18.61 6.68 24.8 8.9 
5 D KA 947 1.125 3.83 0.99 5.6 1.1+ 
C KA 939 1.28 3.28 0.92 4.8 1.4 
F KA 1329 2.33 4.43 1.49 4.4 1.9 
0 KA 1007 1.28 18.23 6.77 26.0 9.7 
8 D KA 1105 1.06 1.69 0.85 2.4 1.2 
D KA 1048 1.06 3.09 1.07 4.3 1.5 
10 E KA 1137 3.98 7.85 2.58 10.7 3.5 
E KA 1157 3.84 8.79 2.39 11.8 3.2 
CHAPTER 4 
THE AGE OF THE CLYDE PLATEAU LAVAS 
In the following chapters describing the dating studies of 
various parts of the Scottish Carboniferous magmatic province, it has 
been necessary to divide the province geographically- using the lava 
plateaux of Geikie (1897) as a basis. But, as Francis (1967) pointed 
out, the lava fields overlapped in time and space, and so the divisions 
are arbitrary and for convenience only. 	This chapter discusses 
the age relations of the Clyde Plateau lavas while other chapters cover 
the Midlothian, Fife and Border volcanics, the late Carboniferous/ 
N 	 early Permian volcanism of Ayrshire and the intrusions of Permo- 
> 
Carboniferous age. 
4.1 	Northern Clyde Plateau 
4.1.1 Geology 
The northern part of the Clyde Plateau (Fig. 4.1) has been 
relatively well studied and accounts of the lava stratigraphy and of 
the vents have been given by MacGregor et al. (1925), Francis et al. 
(1970) and Whyte & MacDonald (1974). 
The base of the lavas, exposed on the northern edge of the outcrop, 
rests conformably on the Ballagan Beds or equivalents. In the 
Garrel Burn in the Kilsyth area, sediments below the lavas exposed 
by the Campsie Fault, were previously- assigned to the Old Red Sandstone 
(MacGregor, 1925) but have since been re-interpreted as being of C.S.M. 
age (Craig, I . G. S. Ann. Rep., 1972). 
The 400 m pile of lavas formüag the Fintry, Gargunnock and 
Touch Hills to the west of Stirling have been described by Francis et al. 
(1970). They consist of a lower group of feldsparphyric, followed 
by microporphyritic basalts and overlain by a thick upper group of 
feldsparphyric basalts, mugearites and trachybasalts. 
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Intercalations of bole, water-sorted volcanic detritus and 
tuffs, occur at three horizons in the lower half of the sequence, and 
mark prolonged episodes of weathering and redistribution of volcanic 
material. The most important of these, the Slackgun Interbasaltic 
Beds, rest unconformably on some of the lowest feldsparphyric lavas 
in the sequence. These beds thicken progressively westwards and in 
the western Fintry- Hills the lowest lavas disappear so that the 
Interbasaltic Beds merge'With the stratified volcanic detritus at the 
top of the Downie's Loup Sandstones. The lowest lavas appear to rest 
conformably on the Downie's Loup Sandstones, although in detail the 
base of the lava pile is diachronous. Francis et al. (1970) believe 
that a long period of weathering followed the cessation of volcanic 
activity and hence the Upper C.S.M. sediments rest unconformably on 
the lavas. 
The succession in the Campsie Fells to the south-west (Fig. 4.1), 
consists of a lower group of microporphyritic (Jedburgh) basalts and 
an upper group of feldsparphyric (Markle) basalts, mugearites and 
trachytes. The lower microporphyritic basalts thin eastwards into the 
Kilsyth Hills to be replaced by the underlying feldsparphyric (Markle) 
flows in the Garrel Hill area (MacGregor et al., 1925). The majority 
of the Jedburgh basalts are derived from the N.E. line of vents on 
the northern edge of the Campsie Fells (Whyte & MacDonald, 1974). In 
the Kilsyth Hills, MacGregor et al. (1925) suggest a local derivation 
for the Markle flows and the identification of vents along the Campsie 
Fault which were active at an early stage in the history of.the 
district (Craig & Hall, 1975) supports this. 
The development of a great central volcano, Meikie Bin, in the 
Waterhead area, is suggested as a source for the differentiated lavas 
of the Upper Group (Whyte & MacDonald, 1974; Craig & Hall, 1975). 
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Individual vents continued to be active and the sites are now marked 
by plugs emplaced in the lavas. However, some of these may simply be 
later intrusions (Whyte, 1968). 
The sequence in the Kilpatrick Hills is similar, although the 
lower group Jedburgh basalts are cut out by the Campsie Fault in the 
east (MacGregor, 1925). The effects of this fault are to preserve a 
greater proportion of the upper group lavas than in the Campsies, but 
correlations across the fault are uncertain (Whyte & MacDonald, 1974). 
In the western Kilpatrick Hills, the succession is complicated by 
overlapping lava piles developed over a long period from different 
- 
	
	vents, and by later block faulting (Hamilton, 1956). The base of 
the sequence here is marked by a thick tephra horion. One general 
feature of the Kilpatrick Hills is the development, early and late in 
the volcanic history, of the more basic types such as ankaramites and 
olivine-augite-plagioclase-phyric basalts (Craiglockhart and Dunsapie 
basalts) (Whyte & MacDonald, 1974). 
4.1.2 Dating 
Boguhan Burn Lavas. Six variably altered flows from the 
Boquhan Burn section in the North Fintry Hills were sampled (Fig. 4.1). 
These flows belong to the lower microporphyritic basalt group: the 
Spout of Ballochleam Group which lies above the Slackgun Interbasaltic 
Beds (Francis et al.,1970, p.154-156). Field evidence indicates that 
the flows were erupted in a relatively short period of time: 2 m.y. 
perhaps. 
Samples (HS15-21) were collected from the massive parts of flows, 
avoiding joints and veins, and were analysed as -3.35 + 1.4 mm chips 
(Table 4.1). The two least altered samples, HS15 and 21, gave the 
highest dates, 322 ± 7 m.y. and 315 ± 10 m.y. respectively. HS17, 
although more altered than the latter two, gave a similar date: 
AM 
317 ± 5 m.y. These analyses indicate that the apparent age of extrusion 
of the lava pile in this area was around 320 m.y. It should. be noted, 
however, that these samples may have lost some radiogenic argon, for 
the age of the supposed stratigraphic equivalents of these lavas in 
East Lothian is around 345 m.y. 
The other samples which occur higher up in the sequence were 
all albitized and altered to a greater extent, giving dates between 
267 ± 5 m.y. and 279 ± 5 m.y. HS18 and 19 which were from the same flow, 
gave similar dates: 267 ± 5 m.y. and 270 ± 4 m-y. respectively. The 
consistent pattern of the apparent ages (average 273 ± 10 m.y.) must 
indicate a metasomatic event at about this time, or slightly later, 
for some of the lavas may only have been partially 'overprinted. 
It is puzzling, however, that not all the lavas in the sequence 
have been albitized. One reason for this may be the platy structure 
characteristic of the microporphyritic hawaiites which are more abundant 
in the upper parts of the sequence. This kind of structure would 
facilitate the circulation of fluids in these flows and they would 
therefore be more easily altered than the massive flows. Significantly, 
Francis et al. (1970, p.139) note that many of the microporphyritic 
hawãiites are decomposed and altered. 
The Dun. An unusually fresh basaltic body, called the Dun, is 
exposed in the Slackgun Interbasaltic Beds, on the lower slopes of 
the Fintry Hills at Craigton (Francis et al., 1970). It forms a 
plugged conduit with sill-like offshoots into the tephra cone and is 
typical of the early eruptive centres on the northern margin of the lava 
pile in this area (P. Craig, pers. comm.). A sample (ZP369) from this 
intrusion, which was very fresh in section, gave an apparent age of 
322 ± 7 m.y. (analysed as -3.35 + 1.4 mm chips, Table 4.1). This 
is similar to dates obtained at the I.G.S. Age Determination Unit on 
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an adjacent sample (P. Craig, pers. comm.). The freshness of the 
sample makes it highly probable that this date represents the true age 
of the intrusion. Furthermore, the age is the same as that obtained 
for the Boquhan Burn lavas. 
Kilsyth Hills. Three samples were dated from the Kilsyth Hills 
(Table 4.2). ZP365 is a fresh feldsparphyric flow from the basal 
group and equivalent to the basal flows in the Gargunnock Hills 
(P. Craig, pers. comm.). A date of 322 ± 7 m.y. was obtained, which 
agrees closely with the date measured by the I.G.S. on the same sample 
and with the dates of the Boquhan Burn lavas. The other two samples 
are from the Garrel Burn area. ZP422 is from an intrusive body 
plugging a volcanic conduit, typical of the plugs along the E.N.E.-
trending zone, part of which is exposed along the S.E. margins of the 
lava pile (Craig, pers. comm.).. The sample was slightly carbonated 
and the date of 309 ± 8 m.y. indicates that some argon loss took place. 
ZP423 is an ankararnite from an intrusion (?) and the date of 316 ± 7 m.y. 
is similar to dates obtained elsewhere in the Clyde Plateau. 
Campsie and Kilpatrick Hills. Most of the lavas in the Campsie 
and Kilpatrick Hills are altered and as only a few lavas fresh enough 
to date were obtained in this study, greater attention was directed 
towards dating the vent intrusions. Three lavas from the Campsies, 
A33 from the lower group and A65 and B19/27 from the upper group 
lavas, were analysed and gave dates of 303 ± 7, 315 .+ 7 and 310 ± 5 m.y. 
(Table 4.2). All three samples were altered and have probably lost 
radiogenic argon. The least altered, A65, gave the highest date, 
315 ± 7 m.y. 
Four vent intrusions were dated initially, three of them from 
the Dumbarton-Fintry line of vents. Dunmore (HS105) near Fintry, is 
intruded into one of the early eruptive centres like the Dun, as is 
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Dumbuck (Al) at the south-west end of the Kilpatrick Hills at Bowling, 
near Dumbarton. Their dates, 316 ± 5 and 319 ± 7 m.y. respectively, 
are similar to that of the Dun. Dumgoyne (TC16), which belongs to a 
group of vents, north of Strathblane, that are among the earliest 
centres of eruption (F. Craig, pers. comm.), gave a slightly higher 
date of 329 ± 7 m.y. Dungoil (HS107) cuts some of the upper group 
lavas near the site of the Meikle Bin volcano and is part of a south- 
easterly line of vents from Dunmore. It gave the same date (315 ± 5 m.y.) 
as the latter. The dates from these vents reinforce the earlier data 
and suggest that volcanism in the northern Clyde Plateau occurred at 
around 320 m.y. 
4.2 	Kintyre 
4.2.1 Geology 
The Calciferous Sandstone Measures lavas of southern Kintyre 
(Fig. 4.2) occur in two disconnected tracts: in the S.E. corner of the 
Peninsula, E. of Southend, and in a larger outcrop to the northwest 
from Macrihanish to Killenan. They are probably the most westerly 
extension of the Clyde Plateau (McCallien, 1928). The lavas rest 
unconformably on the Lower and Upper O.R.S. and on Dairadian rocks. 
In the Macrihanish area, lateritic clays and volcanic detritus rest 
on an irregular floor of weathered lavas and are overlain, with a 
possible easterly overlap, by Limestone Coal Group sediments (Manson, 
1953; MacGregor, 1954). Some sediments on the shore at Macrihanish have 
been assigned to the Lower Limestone Group (McCallien & Anderson, 1930; 
Johnstone, 1966), but the faunal evidence for this is inconclusive and 
the beds could equally be of Namurian age (George et al., 1976). 
McCallien (1928) has divided the lavas into a lower division of 
ankaramites and microporphyritic hawaiites, and an upper division of 
olivine-augite-plagioclase-phyric basalts, hawaiites, mugearites, 
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benmoreites and rhyolites. Macdonald (1975), however, points out 
that in the eastern part of the Macrihanish succession, rhyolitic 
lavas occur near the base of the succession. Trachytic and syenitic 
intrusions occur more persistently here than elsewhere in the Firth 
of Clyde and are found intruded up to and into the C.S.M. lavas 
(McCallien, 1928). They are more likely to be associated with the 
acidic phase of the C.S.M. lavas than with the Passage Group lavas 
higher up in the succession. 
4.2.2 Dating 
The five specimens from Kintyre used in this study were obtained 
from three macroporphyritic lavas (MV217, 222 and 226) in the 
Macrihanish area; from an aphyric lava MIT201 (or possible sill, as 
it is much fresher than the surrounding flows R. Macdonald, pers. comm.) 
from the Southend outcrop; and from the microsyenite intrusion of 
Davaar Island, MV224 (see Fig. 4.2). The basalts, which were all 
reasonably fresh in section (e.g. with fresh olivine), were used to 
investigate the effect of sample size on the dates measured (see Chapter 
3, section 3.3.4). 
The first set of analyses gave dates ranging from 280 to 315 M.Y. 
(Table 4.3). These variations did not obviously correspond to variations 
in grain-size analysed, atmospheric contamination or sample freshness. 
4 	3 	403 An Ar/ Ar v 	K/ Ar correlation diagram gave an age of 340 m.y. - 
thought to be nearer to the true age of the lavas - but was accompanied 
by much scatter of the points possibly caused by atmospheric argon 
contamination. 
To investigate further whether these variations were the result 
of the presence in the samples of argon of anomalous isotopic composition, 
the argon analyses were repeated twice more. Precautions were taken 
to reduce the proportion of atmospheric argon (increasing the sample 
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weights fused and the baking times) and a set of line blanks were 
measured. However, regression analyses of the data, plotted on isotopic 
ratio diagrams (Figs. 4.3, 4.4) indicated that no significant isochron 
was obtainable even when those analyses with the lowest atmospheric 
contamination (data from the third set of analyses were considered 
alone or when data for each lava was analysed separately. When several 
scattered points were omitted a regression age of 309 ± 6 m.y. 
(40Ar/36Ar intercept, 290±28 m.y.; M.S.W.D., 0.4) was obtained 	the 
same as the mean age of the points regressed. It has been shown that 
the atmospheric contamination has not been totally removed by the 
baking procedures (Chapter 3, section 3.4.4) and the points must lie 
along mixing lines. 
The age variations obtained were greater than would have been 
expected if caused solely by the presence of argon of anomalous 
isotopic composition. Fractionation of argon isotopes during analysis 
does not appear to have taken place (see Fig. 3.2 and Chapter 3, section 
3.3.4) and further analysis of the data has indicated that the age 
variations are a result of sample inhomogeneity (see Chapter 3, section 
3.3.4). 
Age of the lavas. The dates measured using the -0.5 + 0.18 mm 
size fraction are taken to be closest to the age of crystallization 
for 1411226, 222 and 217. The dates of the lavas from the Macrihanish 
succession, 1411222 and 226, are the same: 314 ± 7 m.y. () while the 
date of M1J217, 304 ± 6 m.y., may be lower because of the greater 
alteration in this sample. The date of 294 ± 11 m-y. (2, mean of 
9 determinations) for the very fresh rock from the Southend area is 
significantly different at the 95% confidence level from the 
314 ± 10 m.y-. mean apparent age of the Macrihanish lavas, using the 
criteria, of Dalrymple & Lanphere (1969); it must therefore be a later 
intrusion. 
The age of theDavaarMicrosenite. This rock has large phenocrysts 
of sariidine and albite-oligoclase in a groundmass of alkali feldspar, 
plagioclase, quartz and magnetite (McCallien, 1928). The feldspar 
phenocrysts were separated, but it was not possible to obtain a pure 
sanidine fraction and the sample contains about 20% plagioclase, which 
is reflected by the potassium analysis (Table 4.3). The -500 + 210 mm 
and -210 + 104 mm size fractions were analysed. The scatter of the 
dates is probably a measure of the sample inhomogeneity. The mean 
apparent age of 286 ± 9 m.y. 	would make the rock Upper Carboniferous 
in age and excludes the possibility that it is an evolved member of 
the Lower Carboniferous lava series. 
4.3 	The Cumbraes 
4.3.1 Geology 
The early Carboniferous volcanic suite is well exposed on the 
Cu.mbrae Isles in the Firth of Clyde (Fig. 4.5). On Great Cumbrae, 
the Upper O.R.S. and early C.S.M. sediments are cut by a few basaltic 
plugs, which lie on the extension of the Dumbarton-Fintry line of 
vents. The island is notable for the early C.S.M. basic dyke swarm, 
which display cross-cutting relationships with two phases of trachytic 
dykes. Both types of dykes trend E.N.E. and appear to be part of the 
intense dyke swarm associated with activity at the Misty Law-Irish Law 
centres. Trachytic sills are also found on the island. Little Cumbrae 
consists of a series of basalt and hawaiite flows overlying early 
C.S.M. sediments (Tyrrell, 1917, 1918; Caldwell in Bluck, 1973). 
4.3.2 Dating 
Bell Craig on the west side of Great Cunibrae is a vent intrusion 
composed of fresh macroporphyritic olivine basalt with exceptionally 
large augite phenocrysts. The date of 321 ± 7 m.y. (Table 4.4) is 
identical to those obtained from the early feeders in the northern 
Clyde Plateau. It may be safely concluded that the lavas and basic 
dykes of the Cumbraes are of the same general age. 
The other dated sample is from an altered trachytic dyke 
on the east side. of Great Cumbrae at Keppel Pier. Biotite separated 
from this dyke gave a date of 301 ± 7 m.y. The sample was fresh and 
there appears to be no loss of potassium. The dyke may belong to 
a later (U. Carboniferous) phase of acidic volcanicity, which is not 
preserved in the stratigraphic record. Alternatively, argon loss 
may have occurred either during alteration of the dyke some time after 
its intrusion, or during the intrusion of Tertiary dykes nearby. 
4.4 	The Southern Clyde Plateau 
4.4.1 Geology 
The Southern Clyde Plateau lavas (Fig. 4.5) outcrop in an area 
between Greenock and Strathaven. A brief description of the Renfrewshire 
lavas has been given by Johnstone (1965), while a more detailed account 
of the succession between the Kilbirnie Hills and Eaglesham is contained 
in Richey et al. (1930). Very little has been published on the lavas 
in Sheet 23 in the Strathaven area. 
Structural relationships in the lava pile are complex. The lavas 
form a series of minor N.E.-S.W. trending folds over which a broader 
N.W.-S.E. anticlinal fold, complementary to the Mauchline Basin, has 
been superimposed (Richey et al., 1930; McLean, 1966). Seismic work 
(Hall, 1973) indicates that an original maximum development of lavas 
along a N.W.-S.E. line was accentuated by latex folding. Rapid 
variations of lesser amplitude occur along N.E.-S.W. trending faults, 
such as the Dusk Water Fault. Movement along the faults in mid-C.S.M. 
times is implied, preserving some of the lower flows and causing local 
thickening of the lavas. In places, the lavas are over 900 m thick. 
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The base of the lava pile is only exposed in the west. South 
of Gourock, the sediments beneath the lavas are of mixed Upper O.R.S. 
and Ballagan type fabies (Sum. Frog. Geol. Surv. G.B. 1930, p.32; 
1937, p.67). Further south, in Sheet 22, the volcanic group rests 
directly on Upper O.R.S. The sediments beneath the lavas are not 
fossiliferous, and their age has been assumed on lithological grounds. 
In Renfrewshire, miospore evidence indicates that the marine 
limestones above the lavas are of late Visean age (Sullivan & Marshall, 
1966). Correlations between these limestones and others in N. Ayrshire 
are well established (Richey & Carruthers, 1915). In the Stràthaven 
area sediments equivalent to the upper part of Upper Oil Shale Group 
overlie the upper group lavas (Hinxman et al., 1921), hence Richey et al. 
(1930, p.65) concluded that the main volcanic period began near the 
top of the Cementstone Group and terminated before the upper part of 
the Upper Oil Shale Group was deposited with the probability 'that 
the actual accumulation of lavas occupied a relatively small portion 
of this interval, for the succeeding sediments follow the volcanic 
rocks with marked overlap." 
The volcanic succession in the Southern Clyde Plateau, is shown 
in Table 4.5, compiled from Richey et al. (1930) and Johnstone (1965). 
The former established a general sub-division of the lavas into Lower 
and Upper Groups, while the latter proposed 'a more detailed sub-division 
for the volcanic sequence in the Renfrewshire Hills which may be 
extended south into the Kilbirnie Hills. Correlation of the basal 
hawaiites in this area with those north of the Clyde has been suggested 
by Richey et al. (1930). It is interesting to note that this group and 
the underlying tuffs thin northwards and disappear near an extension of 
the Dumbarton-Fintry line. Whyte & MacDonald (1974) have suggested 
that the existence of a ridge or landmass to the northwest of this 
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line, or a land surfabe tilted to the south, prevented the lavas 
spreading to the north. That the line was no longer a barrier later 
on is indicated by the presence of the Upper Group lavas north of it. 
Elsewhere., it should be emphasised that no horizontal equivalence is 
implied between the local successions as set out in Table 4.5; 
because of faulting and poor exposure, even local correlations are 
difficult to establish. This is especially true of the Beith Hills 
anticline, which is an uplifted block (or horst) with downthrows to 
every side and bounded by major N.E.-S.W. faults to the east and west. 
Nevertheless, Richey at al. (1930) have suggested a correlation between 
the uppermost flows of the Lower Group in the Beith Hills and Moyne 
Moor area N.E. of Dunlop. 
The more evolved lavas appear to have been erupted about mid-way 
in the volcanic history of the pile (cf. the Northern Clyde Plateau 
succession). Their distribution coincides roughly with a zone of 
vents (largely trachytic) stretching from the Irish Law-Misty Law area 
E.S.E. to Loudoun Hill (Richey, 1928). The belt of lavas between 
Lugton and Strathaven contains the best developed sequence of acidic 
rocks in the Carboniferous. They are probably localised around their 
vents, most of which are now concealed. 
4.4.2 Dating 
North Ayrshire Lavas. Three lavas were analysed initially from 
the North Ayrshire lavas, although several more were collected and 
found to be altered. HS1 and 2 are from a flow at Hapland, near 
Dunlop, which is near the base of the Upper Group lavas in this area. 
The samples were from the massive part of the flow and about 20 m apart. 
Both are chloritised but fresh olivine cores are seen and the alteration 
is probably deuteric. Their dates (Table 4.4). 320 ± 7 m.y. (HS1) 
and 315 ± 7 m.y. (HS2), agree closely even though HS1 is more altered 
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than HS2.. The duplicate analysis for HS1 was carried out on a 
powdered sample and is in good agreement with the analysis on the 
-3.35 + 1.4 mm size fraction. 
HS4 is a fresh macroporphyritic hawaiite from the basal feldspar-
phyric basalt group in the core of the Beith Hills anticline, just 
west of Neilston. Because of the large size of the plagioclase 
phenocrysts in this rock, the mineral was separated so as to compare 
its age with the whole-rock sample and evaluate its K-Ar age 
characteristics. The whole-rock date (Table 4.4) analysed as 
-3.35 + 1.4 mm chips, is 337 ± 7 m.y., the high percentage of 
atmospheric contamination in the repeat analysis being caused by a 
slight leak in the vacuum system. A third analysis' gave a date of 
307 ± 5 m.y.: this discrepancy may be caused by sample inhomogeneity. 
A groundmass separate gave an apparent age of 337 ± 7 rn y. 
which agrees closely with the whole-rock date. A feature of the 
analysis is the excellent reproducibility (no doubt because of the 
small size fraction used) and the lower atmospheric contamination 
compared to the whole-rock analysis. It may be noted that the K-contents 
of the whole-rock and groundmass samples are similar, which is surprising 
in view of the fact that the plagioclase phenocrysts which comprise 
more than half of this rock have a K-content of about 0.25%. A possible 
explanation for thi§ is that the increase in potassium in the groundmass 
fraction may be counteracted by a loss of 'K-bearing phases during 
grinding - as noted earlier; and secondly plagioclase-groundmass 
composite grains make up at least 30% of the separate. 
Only one of the plagioclase age determinations (KA 824, Table 4.4) 
was near the whole-rock and groundmass separate dates; the others were 
considerably lower. The reasons for the discrepancy are discussed in 
Chapter 3, section 3.2.2. 
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The concordance between the groundmass and whole-rock ages is 
good and indicates a date of 337 ± 7 m-y. for the lava. 
A microphyric olivine-augite basalt (HS72) from near the top 
of the Upper Group lavas south of Eaglesham, gave a date of 311 ± 7 m.y. 
The low apparent age may be caused by argon loss from the chloritised 
groundmass. 
Lanarkshire Block Lavas. Several lavas from this area were 
analysed (Table 4.6) and some of the most reliable evidence regarding 
the age of the Clyde Plateau was obtained. 
A rather unusual olivine-phyric lava (cf. mácroporphyritic 
Hillhouse type), HS69, from Chapelton, near East Kilbride, gave a 
date of 308 ± 7 m-y. Although the sample contained large K-poor 
phenocrysts the duplicate analyses agree closely. The date is lower 
than others obtained in this area. The exact location in the sequence 
of this lava is not known, but it comes from a downfaulted group of 
lavas, and probably belongs to the Upper Group. Further west, an 
olivine-augite-plagioclase-phyric basalt (HS76) from the Upper Group 
gave an apparent age of 312 ± 7 m.y. Argon loss from this sample is 
likely as the plagioclase phenocrysts are slightly altered and the 
groundmass chioritised. 
Minerals from four lavas belonging to the late acidic phase in 
an area to the west of Strathaven were analysed. A date of 320 ± 7 m.y. 
was obtained on anorthoclase separated from a fresh benmoreite lava 
(HS78) near the top of the succession. A hornblende concentrate from 
the lava (with at least 25% clinopyroxene) gave a date of 308 ± 10 m.y. 
The lower apparent age for the hornblende may be a result of its alteration 
as it is largely resorbed with only relict cores remaining. A date 
of 320 ± 7 m.y. was also obtained on anorthoclase (plus a little 
oligoclase) from a fresh benmoreite lava (H582) lower down in the 
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succession. A hornblende and clinopyroxene concentrate gave a lower 
date of 289 ± 5 m-y. probably for the same reasons as above. Feldspar 
(anorthoclase 65% and plagioclase 35%) separated from .a mugearite lava 
(HS80) in the Browncastle Burn nearby gave a date of 311 ± 7 m-y. 
Argon loss from the feldspar is probable as it is slightly altered and 
cloudy, in contrast to the glassy feldspars seen in the previous two 
lavas. 
Hornblende, occurring as partly resorbed phenocrysts and in 
nodules poikilitically enclosing fresh olivine, augite and plagioclase, 
was separated from an Upper Group mugearite (HS71) outcropping four 
miles south of East Kilbride. A date of 310 ± 10 m-y. was obtained 
for the separate which contained about 10% clinopyroxene. The duplicate 
analyses agree closely. The date is lower than the anorthoclase dates 
probably for the same reasons as above, but it is not significantly 
different at the 95% confidence level. 
The analysis of the feldspar samples followed the procedure 
recommended in Chapter 3, section 3.2.2, and the potassium and argon 
analyses had low coefficients of variations (.c 2% for HS78 and 82). 
The anorthoclase samples HS78 and 82 appear fresh in section with no 
hint that they are perthitic: an X.R.D. measurement on HS78 run at 
Aberdeen University, suggested that it was a single phase alkali 
feldspar (R.L.F. Kay, pers. comm.). Hence, because of the good. 
agreement between the anorthoclase dates, it may be concluded with some 
confidence that volcanism in this part of the Clyde Plateau occurred 
at around 320 m-y. 
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4.5 	Significance of the Clyde Plateau Ages 
A histogram of dates measured (excluding those below 300 m.y.) 
is shown in Fig. 4.6. The mean dates for the -0.5 + 0.18 ram size 
fraction from the three Kintyre lavas are included The minerals used 
and the relative degree of alteration (I-V) for the whole-rock samples 
are indicated. Most of the apparent ages fall in the interval between 
310 and 325 rn.y., with the freshest samples lying between 320 and 
325 m.y., and the more altered samples giving-lower ages. This apparent 
age distribution pattern suggests that volcanism occurred between 
320 and 325 m.y. and that post-volcanism alteration caused variable 
radiogenic argon loss, which correlates roughly with sample alteration. 
No estimate of the time of alteration can be made from this pattern 
as only partial loss of radiogenic argon maybe involved. However, the 
dates from the altered Boquhan Burn lavas suggest an age of about 
270 m.y. for this. 
The age limit for the top of the pile, 320± 5 m.y., is 
established from the Lanarkshire Block. The lower limit can only be 
guessed at, as the dates of the fresher samples, which are mainly 
from the early vent intrusives and lower lavas, are also close to 
320 m.y. and might indicate that the Clyde lava plateau was built in 
a few million years. Yet, with some of the more altered lava's also 
having dates over 320 m.y. and given the uncertainty of the method, 
it would be better to allow at -least 10 m.y. for the formation of the 
lava pile, i.e. between 330 and 320 m.y. The date of the Dumgoyne 
intrusion (329 ± 7 m.y.), which is one of the earliest plugs, also 
suggests this. The 337 ± 7 m.y. date of the Beith Hills flow might 
indicate an even earlier episode of volcanism in this area. 
The 320-330 m.y. age for the bulk of the Clyde Plateau lavas is 
unexpected in view of the correlation of the 345 m.y. East Lothian 
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lavas with the lower part of the Clyde Plateau (Francis, 1965b, 1967; 
de Souza, 1974). The miospore evidence of Neves et al. (1973) suggests 
that volcanism in the west went on for a longer time, but this age on 
the time-scale of Fitch et'al. (1970) would mean that volcanism carried 
on into the Namurian. This age of the Clyde Plateau raises several 
possibilities, the merits of which are discussed below. 
1. 	One way in which the age difference between the East Lothian 
and Clyde Plateau lavas may be reconciled is to postulate the existence 
of a hydrothermal system which caused partial or complete argon loss 
in the samples. An age of 270 m.y. has already been suggested for 
an alteration event, but there is no reason to exclude earlier 
periods of alteration. There is much evidence to 6how that hydro-
thermal systems have operated in the Clyde Plateau, for example the 
widespread dist±'ibution of zeolites and other secondary minerals. 
Studies of the distribution of secondary minerals in basaltic piles 
in many parts of the world have shown that they occur in definable 
zones, each characterised by the first appearance of a particular 
mineral, which can be used as a temperature indicator (Ade-Hall et al., 
1971). As the type of zeolite occurring in the Clyde Plateau is 
rarely mentioned, it has not been possible to construct such temperature 
zones here. However, the presence of pre.hnite indicates maximum 
temperatures of over 300°C, although this may reflect only the local 
heating effects of intrusive bodies. 
The effect of hydrothermal systems onwhole-rock basalt ages 
is not clear: intuitively, argon loss accompanied by mineral changes 
may be expected if a rock is heated at temperatures of 100-200 0C for 
long periods. In the Eastern Iceland basaltic sequence, Wood et al. 
(1976) have found evidence of element mobility (including potassium) 
during zeolite facies metamorphism (at temperatures below 200 °C). Yet 
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the K-Ar whole-rock ages (Dagley et al., 1967) on the same samples 
are higher in many cases than the 40Ar/39Ar ages (Ross & Mussett, 1976) 
indicating the presence of excess argon. The Tertiary lavas of 
Northern Ireland have also been hydrothermally altered and many 
lavas have suffered argon loss (Purdy et al. 1973; Evans et al. 1974). 
Here too, the presence of excess argon, its effect magnified in these 
low K rocks, may be responsible for the scatter of ages (e.g. Macintyre 
et al., 1975). In the Clyde Plateau lavas dated, the effect of such 
small amounts of excess argon ( 1 x 10 scc/gm) noted above would be 
negligible. The distribution of ages in Fig. 4.6 fit a pattern of 
Post 320 n.y. alteration better. The good agreement of the apparent 
ages of the fresher samples at 320-325 m.y. does ndt support a 
resetting hypothesis. The more altered East Lothian lavas all gave 
apparent ages greater than 330 m.y., whereas nearly all the Clyde 
Plateau lavas, which are generally fresher, have apparent ages below 
330 m.y. 
2. 	The 320-330 m.y. age for the Clyde Plateau is partly Namurian, 
according to the Fitch et al. (1970) time-scale, implying that 
volcanism carried on in the Clyde Plateau during the deposition of 
the Limestone Coal Group. However, the isopach maps of Goodlet (1957, 
1960) for the Lower Limestone and Limestone Coal Groups show that 
although there was an area of non-deposition over part of the lava 
piles, most of the lavas (including the Upper Group lavas) were covered 
by the Lower Limestone Group sea, i.e. in late ; Dinantian times. In 
addition, a limestone of Lower Limestone Group age overlies trachyte 
ashes at the top of the pile near Eaglesham (Richey et al. 1930). 
This suggests that the Dinantian-Silesian boundary (presently estimated 
at 325 m.y.) should be moved back to below 320 m.y. 
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Assuming an age of 330 m.y. for the base of the Clyde Plateau 
lavas implies that the stratigraphic correlation with the East Lothian 
lavas (which is in ahy case weak) is incorrect. Therefore, there must 
be either an unconformity between the base of the lavas and the under-
lying Cementstone Group (Ballagan Beds and equivalents) or, alternatively 
the Cementatone Group here is at least of mid-C.S.M. age (early Visean) 
as suggested by George (1960). However, the sedimentological evidence 
of transition between the Upper O.R.S. and the Cementstone Group 
throughout the Western Midland Valley is conclusive (Belt, 1969). 
Taken together with the rniospore evidence of a Tournaisian age for 
the Ayrshire Cementstones (Sullivan, 1968) there can be little doubt 
of the early C.S.M. age of this group. Hence, the field evidence of 
conformity of the lavas with the underlying beds is misleading and 
the possibility of a considerable hiatus (c. 20 m.7.?) must be 
entertained. Another implication of this age is that further hiatuses 
or lacunae so far unrecorded, may exist in the Oil Shale Group as 
there is a gap of 20 to 25 m.y. between the top of the East Lothian 
lavas and the top of the Clyde Plateau. This problem will be more fully 
discussed in a later chapter. 
The preferred interpretation of the data is that there were two 
volcanic episodes in the west. The initial outburst of volcanism in 
early C.S.M. times at about 340 m-y. was small and the volcanic pile 
eroded away. Some of these flows were most probably preserved by 
faulting in mid C.S.M. times (cf. Hall, 1973).. The lower part of the 
Beith Hills succession from which the 337 m.y. HS4 flow comes, is 
representative of this early volcanism. There is no suspicion that the 
higher age of this sample is caused by the presence of excess argon, 
as the concordance between the whole-rock and groundmass ages and 
the single plagioclase determination (KA 824) rule this out. The 
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329 ± 7 m.y. age of the Dumgoyne vent intrusion (TC16) also raises the 
possibility that this is a minimum age for a vent which was active 
during early- C.S.M. times. The fact that this vent unlike most others 
in the Dumbarton-Fintry line does not cut the lavas, might support 
this. However, considering its height in relation to the Strathblane 
lavas, and given the possibility of post-volcanic subsidence, the 
above suggestion does not seem likely. Furthermore, its chemistry and 
mineralogy- resemble that of the 319 ± 7 m.y. Dumbuck intrusion and 
some of the lower hawailte flows in the Campsies (Macdonald, 1975). 
The second episode ot volcanism beginning at about 330 m.y. 
was much greater in duration and in extent. It probablycovered up most 
of the evidence for the earlier volcanic episode. 'Hydrothermal 
activity during and after this episode caused widespread zeolitisation 
and alteration in the lavas. 
4.6 	Further Dating 
To resolve some of the problems discussed above, a further 
collection of samples was made especially from lavas and plugs that 
might be part of the earlier volcanic episode. Particular attention 
was directed at collecting from vent intrusions,, which did not cut 
the lavas or Carboniferous sediments, and which were isolated from 
the main lava pile. It was realised that the chances of obtaining 
material which had not suffered some argon loss caused by reheating 
during the later episode, were not good. 
Several intrusions from the Dumbarton-Fintry line and north of 
it (Fig. 4.1) were sampled but only two were considered suitably fresh 
for dating. Of particular interest was the Dungoyach intrusion in 
the Diane Valley, northwest of Strathblane, which cuts Upper O.R.S. 
sediments (MacGregor et al., 1925). Unfortunately, no outcrops of 
fresh rock were available. The Meikle Caldon vent intrusion (HS148) 
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in the Stockie Muir is one of a scattered group of vents cutting the 
Upper O.R.S. north of the main line of vents. The sample was fresh 
and very fine-grained with chilled internal boundaries but no glass. 
The date of 322 ± 10 m.y. (Table 4.7) is similar to those from the 
other intrusions and therefore this vent intrusion must belong to the 
latter group. 
Dumbarton Rock (HS149) is intruded into one of the early vents 
'which once cut the Ballagan Beds as fragments of these beds are 
preserved in the agglomerate (Whyte, 1966). The sample analysed was 
a fresh microphyric olivine basalt with only minor amounts of chlorite. 
The date of 302 ± 8 m.y. is considered to be close to the age of 
emplacement. As the basalt was intruded after the 'subsidence of the 
vent, an Upper Carboniferous age for this rock is feasible. The chemical 
analysis of the rock (Whyte, 1966) shows it to be basanitic: the first 
identification of this type of volcanism in the western Midland Valley 
comparable in age to the East Lothian silica-undersaturated intrusive 
episode. 
Three samples were analysed from near the base of the lava pile 
in the Kilbirnie Hills (Fig. 4.5). The basal aphyric hawaiite 
(HS115 b) about 7 km west of Kilbirnie, which was slightly altered, 
gave a date of 321 ± 7 m.y., which is the same as the other basal 
hawaiites in the Fintry Hills (HS15) and Kilsyth Hills (ZP365). It 
confirms the view of Richey et al. (1930) p.69, that this is the same 
horizon as that of the basal hawaiitic (Jedburgh) flows in the 
northern Clyde Plateau. The basal lavas in the Kilbirni Hills overlie 
Upper O.R.S. type facies with apparent conformity but the date would 
support the suggestion made above that there is a considerable unconformity 
beneath the Clyde Plateau lavas. Two macroporphyritic hawaiites were 
collected from the overlying group of lavas both having altered 
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groundmasses. Plagioclase separated from these rocks (HS116, 117) gave 
dates that are widely- discrepant. The scatter of the duplicate argon 
analyses suggests sample inhomogeneity, possibly related to the 
sericitisation along cracks of the plagioclase. 
Further sampling in the Beith Hills area (Fig. 4.5) was 
unsuccessful, as the lavas at all the outcrops examined were altered. 
Nevertheless, a detailed survey of the area could reveal less altered 
lavas. 
A sample of olivine-phyric basalt with analcime replacing feldspar 
and glass (?) in the groundmass was collected from an outcrop of 
lavas S.E. of Strathaven (Fig. 4.5). These lavas which rest on Upper 
O.R.S. are separated from the main outcrop of lavas by a continuation 
of the Inchgotrick Fault. They are overlapped by the upper part of 
the Upper Oil Shale Group but the junction between the two formations 
is not seen (Hinanan et al., 1921). The date of 330 ± 9 m-y. for this 
sample (HS128) may be considered to be a minimum age because of the 
groundmass alteration. Nevertheless, this age is very significant 
for these lavas. Like those further east in the Carnwath area (see 
Chapter 5) they maybe regarded as belonging to the first phase of 
volcanic activity in the Midland Valley in early C.S.M. times. The 
Inchgotrick Fault moving in mid C.S.M. times may have prevented their 
burial by the later lavas. The Oil Shale Group sediments are known 
to be attenuated in this area (Hinxman et al., 1921), but little else 
is known about the geological relationships. - 
An attempt was made to date the Newton Mearns phonolitic trachyte 
using the Rb-Sr method, to confirm the 320 m.y. age for the Clyde Plateau. 
Several feldspar density fractions were separated to obtain an isochron 
but the range of Rb/Sr ratios was too restricted and time did not permit 
further work. Many trachytic and phonolitic intrusions in the southern 
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Clyde Plateau are fresh enough to date by the Rb-Sr method and their 
initial Sr/ Sr should be of petrogenetic value. 
The evidence •presented in this study for the younger volcanic 
episode is supported by other unpublished K-Ar ages: four samples 
from the Campsie lavas (dated by G.P. Bagdassarian by isotope dilution 
and volumetric methods) have ages between 320 and 330 m.y. 
(J.G. MacDonald, pers. comm.); samples from the Campsies and the 
Kilsyth Hills dated by the I.G.S. Age Determination Unit (two of which 
were repeated in this study) have ages consistent with the 330-320 m.y. 
age of the Clyde Plateau (P. Craig, pers. comm.). 
4.7 	Evolution of the Clyde Plateau Lavas 
The data for the postulated early C.S.M. volcanism in the 
Clyde Plateau is sparse: only two lavas dated can be. interpreted as 
having belonged to the early C.S.M. episode; the bulk of the Clyde 
Plateau lavas appear to have been erupted between 330 and 320 m.y. 
From the geological evidence it is also difficult to distinguish 
the early C.S.M. lavas. If, however, a group of lavas in the Clyde 
Plateau succession were used as a marker indicating the start of 
the second phase of volcanism in the Clyde Plateau at C. 330 m.y. 
then the older, group of lavas could be located. The most suitable 
group for this purpose is the thick tuffs and mi crop orphyriti c 
olivine-phyric basalts and hawailtes found at the base of the succession 
in many areas and which are probably of great extent; the basal lavas 
in this group have given similar minimum ages of 322 m.y. In two areas 
an older group of lavas exposed could be assumed to have erupted in 
early C.S.M. times. 
In the Fintry-Gargunnock Hills a group of macroporphyritic 
hawaiites occurs below the Slackgunn Interbasaltic Beds and it is 
stated by Francis et al. (1970, p.146) that "during the formation of 
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these interbasaltic beds, the effusion of lavas ceased for a relatively 
long period and the earlier lavas were deeply weathered. The overlying 
stratified deposits (or tuffs) may indicate the renewal of explosive 
volcanic activity prior to the effusion 	" of the overlying 
microporphyritic hawaiites. 
The second area in the Beith Hills is an uplifted block of 
lavas in the southern Clyde Plateau in which lavas older than those 
to either side are exposed. An early Visean age was obtained from a 
lava in a group of macroporphyritic hawaiites underlying some 
microporphyritic basalts. Although layers of tuffs, boles and plant-
bearing sediments occur within the lava pile, the nature of the 
succession between the two groups of lavas has notbeen described. 
The relationship of the outlier of lavas, E.S.E. of Strathaven, 
interpreted as belonging to the early C.S.M. activity, to the lavas in 
the Strathaven area is not known because of its isolation caused by 
movement along the Inchgotrick fault. 
Thus, although the evidence for the early C.S.M. activity is 
tenuous, it is perhaps only to be expected given a period of weathering 
and faulting prior to the second phase of Clyde Plateau volcanism. 
The most convincing evidence, of course, for the early C.S.M. episode 
comes from the volcanic activity in the Lothians, and it would be 
surprising indeed if some volcanism did not take place further west 
at this time. 
The model for the evolution of the area covered by the Clyde 
Plateau lavas based on the dates obtained here and all available 
geological information is as follows. 
1. 	Deposition of cementstones (Ballagan Beds, etc.) in Tournaisian 
(CM miospore zone) times in a coastal plain environment. Possible 
upwarp prior to volcanism in Stirlingshire indicated by the deposition 
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of fluvial sandstones and cornstones - Downie's Loup Sandstones 
(Read & Johnstone, 1967) similar to that described in the Borders 
(Leeder, 1974). 
Eruption of the early C.S.M. lavas in early Visean times c. 
340 m.y. Macroporphyritic hawaiites appear abundant,. sources unknown. 
Volcanism may have carried on sporadically after 340 m.y. 
Period of non-deposition between 340 and 330 M.Y. suggested by 
lack of sediments; deep weathering of the lavas; faulting of the 
lava pile (Hall, 1973) probably occurred immediately prior to the 
second phase of volcanism. 
Resumption of volcanism at c. 330 M.Y. on a vastly greater scale. 
The lower group of basalts and hawaiites was probably erupted from 
N.E.-S.W. trending fissures, such as the Dumbarton-Fintry line which 
may have extended down to the Cumbraes, a Campsie Fault line (Craig 
& Hall, 1975) south of which the lavas are known to thicken and several 
others. The lavas thickened southwards (to about 1 km in thickness) 
from the Campsies and the Kilpatricks across the Glasgow basin into 
N. Ayrshire and Renfrewshire,banked against contemporaneous moving 
N.E.-S.W. faults in places (Cotton, 1969; Hall,  1975). These lava 
flows were of great extent, e.g. the second lava above Strathblane 
and the lowest flow at Campsie Glen (Whyte & MacDonald, 1974). Large 
central volcanoes, developed about mid-way through the volcanic 
episode, erupted various types of basalts and the more evolved lavas. 
Acidic lavas in the Strathaven-Eaglesham area appear to have issued 
from small centres. 
Block faulting and subsidence of the lava pile may have been 
continuous throughout the volcanic episode (e.g. the marine limestone 
in the pile in the Rashiehill borehole) but accelerated near the end 
probably under the accumulated weight of the lavas, as there is evidence 
N 
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that there was considerable environmental change (see Chapter 2) before 
volcanism ceased. Lavas underlying the Central Basin must have been 
among the earliest to subside. Volcanic detritus was derived from 
a few upstanding blocks, e.g. the Campsies. Volcanism for the most 
part ceased prior to the deposition of the upper third of the Upper 
Oil Shale Group at C. 320 m.y. although in some areas (e.g. Rashiehill, 
Kintyre?) volcanism carried on into Lower Limestone Group times; 
6. 	Sporadic volcanism of a more explosive and silica-undersaturated 
type continued in the area for another 5-10 m.y., e.g. tuffs in the 
Dairy area, vents at Baidlandhill and Holmbyre (Dairy area), Dungoil 
plug in the Campsies (315 ± 7 m.y. 6% norm. ne ). This represents the 
final stages of the second Clyde Plateau cycle. 
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FIG. 4.1 Outcrop of the northern Clyde Plateau Lavas and location of dated samples 
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• 	FIG. 4.6 Histogram of dates from the Clyde Plateau Lavas 
A: amphibole; B: biotite; F: feldspar; Roman 
numerals describe alteration states of whole-
rock. samples. 
TABLE 4.1 
K-Ar Data from the Fintry Hills 
Sample Description Size Fraction K Argon Rad 40 A Age M.Y. Mean Age Run No. Radiogenic 
x105scc/gm M.Y. 
Coquhan Burn Lavas 










- 3.35 + 1.4mm 0.686 838 89.2 ' 	 0.946 317 + - 5 317 + - 7 













- 3.35 + l.4mm 1.277 845 95.6 1.813 325 + 5 315 7 961 ' 95.1 1.687 305 ± 5 ± 
The Dun Intrusion 
ZP369 
W.R. basalt 
' - 3.35 + 1.14mm 0.929 
831 93.6 1.27 14 315 + 
- 




K-Ar Data from the Kilsyth and Campsie Hills 	and Vent 	Intrusions  
Sample Description Size Fraction K 
Argon Rad 	L+ OA r 
Age m.y. 
Mean Age 
Run No. Radiogenic 




- 3.35 + 1.4mm 1.03 830 90.8 325 + 5 322*+ 7 
ZP422 W.R. basalt -0.5 + 0.18mm 0.836 309 7 ± 
ZP423 
W.R. basalt 




-0.5 + 0.18mm 0.819 1012 89.6 1.076 303 ± 5 303 ± 7 
A65 
W.R. basalt 
-0.5 + 0.18mm 1.048 315 ± 7 1043 94.4 1.451 318 




.35 + 1.4 mm 1.11 851 94.3 1.552 320 + 5 319 7 H 94.6 1.539 317 + 5 ± 
TC16 W.R. basalt 
- 3.35 + 1.4mm 1.303 833 91.9 1.991 329 7 ± 
HS1O5 W.R. basalt -0.5 + 0.18mm 1.045 1093 98.6 1.439 316 ± 5 316 ± 7 
HS1O7 W.R. basalt -0.5 + 0.18mm 1.489 1106 97.1 2.039 315 ± 5 315 ± 7 
H 
TABLE 4.3 
K-Ar Data from the Kintyre Volcanics 
Blank Corrected 
Size Fraction ° 	K Argon Total 	
40 
 Ar 36 Ar Rad 40 Ar 
Age m.y. Mean Age Run No. 
x10 5scc/gm x10 9 scc/gm x105scc/gm Radiogenic m.y. 
MV20I W.R. 	Basalt (1) 
766 1.664 7. 148 1.483 86.8 282 
-0.5 + 0.18mm 1.22 926 1.706 4.16 1.605 92.4 303 2914 	± 	11 
954 1.639 3.10 1.566 93.9 297 
767 1.710 9.09 1.1498 84.9 280 
+ 0.5mm 1.24 924 1.6214 3.30 1.539 93.6 288 285 ± 
955 1.617 3.17 1.530 93.8 286 
717 1.896 12.1 1.582 80.4 307 
- 3.35 + 1.4mm 1.189 923 1.732 4.20 1.616. 91.5 313 3014 	± 	11 
956 1.596 •3.86 1.503 92.8 292 
H 
TABLE 14.3 (continued) 
Blank Corrected 
Size Fraction 	
40 	36 	 40 
K 	
Argon 	Total 	Ar Ar Rad 	Ar 	
A 	 Mean Age Run No. 
x10 5scc/gm 	x10 9 scclgm 	x105scclgm Radiogenic 	
ge m.y. 	
m.y. 
MV217 W.R. Basalt 
765 : 	 0.733 8.27 0.531 68.2 298 
-0.5 +0.18mm 	0.411 	920 0.7142 7.53 0.551 72. 14 309 	304 + 6 
957 0.648 4.20 0.5146 81.9 306 - 
-1.4 + 0.5mm 	0.472 	
921 0.795 7.57 0.605 714.0 296 
285 + 	11 958 0.667 14.58, 0.556 80.9 274 
719 1.216 23.6 0.607 146.3 287 
- 3.35 	+ 	1.14rim 	0.490 	922 0.831 9.14 0.596 70.2 282 	285 + 3 
959 0.7414 5.51 0.605 79.6 286 - 
H 
TABLE 4•3  (continued) 
Blank Corrected 
Size Fraction 	/o K 
Argon Total 	Ar 36 A Rad 40  Ar 
Age m.y . 
Mean Age 
Run No. 
-5 scc/gm xlO xlO -9 scc/gm xlO 	scc/gm - 5 
Radiogenic M.Y. 
MV222 W.R. 	Basalt 	(ii) 
856 0.990 8.24 0.782 76.2 313 
-0.5 + 0.18mm 	0.575 917 0.936 6.39 0.770 80.8 308 3114 + 	6 
948 0.899 5.27 0.806 814.2 322 
776 0.8714 5.03 0.719 83.2 262 
-1.14 + 0.5mm 	0.666 918 1.003 4.90 0.883 86.0 306 291 	+ 20 
940 0.983 3.60 0.877 89.2 3014 - 
718 1.231 16.4 0.813 62.14 280 
- 3.35 + 	1.14mm 	0.675 919 1.001 5.26 0.870 85.0 •298 283 + 	13 
9145 0.952 5.148 0.788 82.5 272 - 
H 
ON 
TABLE 14.3 (continued) 
Blank Corrected 
Size Fraction 	/ K 
Argon Total 	Ar 36 Ar Rad 140 Ar / 
Age m.y. 
Mean Age 
Run No. - 5 
xlO 	5cc/gm - 9 xlO 	scc/gm - 5 xlO 	scc/gm Radiogenic M.Y. 
MV226 W.R. 	Basalt 	(ii) 
857 1.266 2.15 1.220 93.9 312 
- 0.5 + 0.18mm 	0.901 91 14 1.323 2.09 1.267 914.2 323 313 + 	10 
950 1.227 1.77 1.189 93.6 3014 
777 1.1422 14.51 1.317 90.3 309 
-1.14 +0.5mm 	0.980 916 1.311 1.81 1.268 95.7 299 303 + 6 
953 1.295 0.93 1.275 97.14 300 
716 1.5147 14.16 1.20 14 77.8 286 
- 3.35 + 	1. 14mm 	0.9714 915 1.239 1.33 1.205 96.1 287 2914 	+ 	13 
952 1.332 1.014 1.307 97.0 309 - 
H 
-:1 
TABLE 143  (continued) 
Blank Corrected 
Size Fraction 	
140 	36' 	 140 
K 	
Argon 	Total 	Ar Ar Rad 	Ar 	 Mean Age 
Run No. 
X10 -5 scc/gm 	x10 9 scc/gm 	xlO5scclgm 	Radiogenic 	
Age m.y.  M.Y. 
Davaar Island, Microsyenite (Sanidine and Plagioclase) 
-0.5 + 0.2mm 	2.02 	737 
1061 
-200 + 106,tm 	2.03 	71+ 7 
2.587 714.8 296 
2.1+39 83.2 280 




Size Fraction K Argon °. Rad 40Ar Age m.y. Mean Age Run No. Radiogenic 
x105scclgm M.Y. 
- 3.35 + 	l.14mm 1.1 . 18 886 9 14.0 1.5143 317 ± 5 321 ± 7 11914 92.2 1.581 3214 ± 5 
-165 + 	106A&m 6.604 1013 95.6 8.576 300 ± 5 301 + 7 1052 91.9 8.630 302 ± 5 - 
- 3.35 + 	1.14mm 1.280 7514 89.7 . 	1.766 317 ± 5 320 + 7 772 88.7 1.798 322 ± 5 - 
- 3.35 + 	1.14mm 1.1400 755 87.7 1.918 315 ± 5 315 ± 7 
756 85.8 1.1488 . 3140 + 5 
- 3.35 + 	1. 14mm 0.999 933 57.0 1.14514 333 6 337 ± 7 
1062 93.9 1.331 307 ± 5 







± 5 337 + 7 
± 5 - 





± 5 2148 ± 7 ± 5 
-165 + 1014gm 0.2141 82 1+ 72.2 0.351 333 ± 5 
9146 90.2 0.282 272 ± 14 - 




HS146 W.R. 	basalt 
HS 147 Biotite 
North Ayrshire Lavas 
HS1 W.R. 	basalt 
III 
HS2 W.R. 	basalt I 	I 





HS 72 W.R. 	basalt 
III 
TABLE 14.4 








Volcanic Succession in the Southern Clyde Plateau 







Upper microphyric lavas 






01-aug basalts and 
01-aug basalts 
a rhyolite lavas: 
ol-aug-plag basalts, 
hawaiites and trachytes. 
Macroporphyri tic 
Lower macroporphyritic 	
Macroporphyritic 	 lavas: 
lavas: 	
ol-aug-plag basalts, 3 	 lavas: 
hawaiites and 




Lower microphyric lavas: 	Microphyric lavas: 
2 	 olivine-phyric basalts basaltic hawaiites 	
Microphyric lavas: 
and hawaiites 	 or hawaiites 	
01-aug basalts 
Macroporphyri tic 
Basal Tuffs 	 Basal Tuffs 	 lavas: 
Complex sequence of all 
the various basalt 
types together with 
hawaiites, mugearites, 	H 
benmoreites and 





hawa ii tes 
Pai'1eyRUck 	. 	Dusk Water Fault 
TABLE 4.6 
K-Ar Data from the Lanarkshire Block Lavas 
Sample Description Size Fraction K 
Argon % 1+0 Rad 	Ar 
Age m Y 
Mean Age 






















-0.5 + 0.18mm 1.114 1018 96.7 1.508 312 ± 5 312 + 7 HI 1047 94.6 1.513 312 ± 5 - 







± 5 320 + 7 + 5 - 
HS78 Hornblende 
(+15t 	cpx.) 
-165 + 106jm 0.510 1056 74.9 0.765 308 ± 5 308 ± 7 
HS8O 
Feldspar 
(Anorthoclase+ - 175 + 106&m 1.271 1088 90.8 1.691 307 + 5 311 + 7 
Plagioclase) 1108 89.1 1.736 3114 + 5 - 
HS82 Anorthoclase (+i 	0ligoc1as 









320 + 7 
± - 
HS82 Hornblende 




K-Ar Data from Early Clyde Plateau Lavas and Intrusions 
Sample Description Size Fraction ° 	K Argon Rad 	
OAr 
Age M.Y. Mean Age Run No. Radiogenic 
x105scc/gm M.Y. 
HSl 1i8 W.R. 	basalt - 500 + l8Ojtm 0.979 1291 89.3 
2. 1i21 319 ± 7 322  + 10 I 13140 95.14 2.1473 325 ± 7 - 
HSI49 W.R. 	basalt I 	I -500 + 180jtm 1.291 1292 914.0 3.013 302 ± 6 302 ± 8 
HS115 W.R. 	basalt 
- 500 + l8Otm 1.1487 1219 92.2 2.067 319 + 5 321 	+ 7 (b) II 1226 85:.l 2.092 323 t.5 - 
HS116 Plagioclase - 175 + 106tm 0.266 1202 1414.0 0.174 157 + 3 12214 75.7 0.394 303 t 5  
HS117 Plagioclase - 175 + 106J4m 0.3140 1203 66.1 0.387 265 ± 5 1225 54.4 0.525 351 ± 7 




DINANTIAN AND EARLY SILESIAN VOLCANICITY 
IN THE EASTERN MIDLAND VALLEY AND ALONG THE BORDERS 
In the light of the 330-320 m.y. age for the Clyde Plateau, the 
dating of the Forth Volcanic Group assumes added importance as volcanism 
occurred in one place or another throughout the Dinantian (Fig. 5.1). 
The stratigraphic evolution of the eastern Midland Valley in the - 
Dinantian is better known than that of the west and ages from this 
area can place additional constraints on models for the evolution of 
the Clyde Plateau volcanism. 
The radiometric age coverage of the East Lothian volcanics is 
considered adequate and this area (apart from the Traprain Law phonolite) 
was not sampled. Description of the dating of the Border volcanism is 
included in this chapter for convenience. 
5.1 	Lower Oil Shale Group Volcanicity 
5.1.1 Geology 
The Arthur's Seat volcanicity apparently commenced towards the 
end of the Cementstone Group times with the eruption of lavas from three 
vents in Holyrood Park and from the Castle Rock Vent: miospores in the 
Lower Dry Dam tuff indicate an early Pu miospore age for the volcano 
(Neves et al., 1973). The lavas in the Whinny Hill succession have 
been mapped in great detail and their sources traced. Detailed accounts 
of the eruptive sequence and the numbering of the flows are given in 
Peach et al. (1910), Clark (1956) and Black (1966). The lava sequences 
at Duddingston and Calton. Hill are broadly similar. A large number 
of basaltic intrusions, similar petrographically to the lavas, was 
emplaced during or shortly after the main volcanic episode. The relative 
ages of these bodies have been suggested by Oertel (1952) using 
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phenocryst orientation to establish their original form and intrusive 
mechanism. The Salisbury Craigs teschènite and the quartz-dolerite 
dyke that cuts it weie intruded at a later date. Petrographically-, 
most Midland Valley basalt types, except the most basic, are 
represented together with hawaiites and mugearites (Clark, 1952, 1956). 
Many of the lavas have been deuterically altered and albitised (Bailey 
& Grabham, 1909; Clark, 1956). 
In the Dalmaboy syncline the three outcrops of basalts, 
hawaiites and mugearites are regarded as stratigi'aphical equivalents 
of the Arthur's Seat Volcanic Group. Mitchell & Mykura (1962) believe 
that although these outcrops could be interpreted as representing 
three separate volcanic episodes in the Cementstond Group, nowhere in 
the Edinburgh area is there evidence of more than one episode in the 
Cementstone Group. At Craiglockhart, the Volcanic Group is placed at 
the base of the Cementstone Group locally, but there is a possibility 
that it lies at the same horizon as the Arthur's Seat Volcanic Group 
(Mitchell & Mykura, 1962). 
Higher up the succession in the Lower Oil Shale Group, volcanism 
was apparently more explosive for the only volcanic horizons found are 
composed of pyroclastics, the thickest being the Seafield-Deans ash 
(100 m). The East Lothian volcanicity was contemporaneous with that 
at Arthur's Seat and the miospore evidence of Neves & loannides (1974) 
and Neves et al. (1973) suggests that volcanicity ended at the same time 
in both areas. Chemically, a greater range of lavas were erupted in 
East Lothian (see Chapter 2). 
There is no firm evidence for a protracted volcanic outburst 
in the early Carboniferous and the outcrops of lavas in the Lothians 
may represent only a single volcanic episode between late Cementstone 
Group and Lower Oil Shale Group times. However, the lavas in the 
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Carnwath area, S.W. of Edinburgh, in Sheets 23 and 24, rest conformably 
on Upper O.R.S. type facies or unconformably on Lower O.R.S. 
Phemister (p.108, Sum. Prog. Geol Surv. G.B., 1925 (1926)) classes 
the lavas as basal C.S.M. and they are apparently overlain by Lower Oil 
Shale Group sediments, so that they could be at the same horizon as 
the Arthur's Seat Volcanic Group. The amount of overlap of the Oil 
Shale Group on the lavas is unknown. The outcrop is continuous around 
Carnwath with an extension to the north-east in Sheet 24. The. 
succession is dominated by feldspar-phyric basalts and hawaiites (?). 
These lavas probably linked the early C.S.M. lavas around the Forth 
and Clyde, but no connection is now seen. 
5.1.2 Dating 
Seven intrusions and lavas were sampled in Holyrood Park and 
at Craiglockhart, five of which were dated (Table 5.1). The two 
lavas: Lava III (HS151) in the Whinny Hill succession and the Wester 
Craiglockhart Hill lava (HS158), were both altered and their dates, 
C 
302 ± 9 m.y. and 313 ± 9 rn..y. respectively, are probably low for this 
reason. Most other lavas examined in the Edinburgh area were considerably 
altered and were not dated. The Samson's Ribs intrusion (HS14) 
is an early stage intrusion (Clark, 1956) and. is altered, so the date 
of 294 ± 7 m.y. must be interpreted as a minimum age. The Whinny Hill 
intrusion (H5153) is considered to have been intruded before some of 
the feldspar.-phyric flows around it had consolidated (Clark, 1956), 
in which case the date of 305 ± 7 m.y. seems lQw, although the sample 
was very fresh, with only a small amount of interstitial glass. The 
K 2  0 content of the sample is lower than that -quoted by Clark (1956): 
0.6% v. 1.12%, possibly indicating alteration, but this is not apparent 
in the section studied. An alternative interpretation is that the 
intrusion is much younger. The Lion's Haunch basalt (HS155) is the 
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remnant of a lava lake according to Oertel (1952), although Clark 
(1956) classed it as a late stage intrusion, together with the 
Dunsapie Hill mass. The date of 320 ± 7 m.y. obtained on a fresh 
unaltered specimen does not support Oertel's (1952) interpretation 
and the rock must have been intruded at about the time of the Clyde 
Plateau volcanism. 
Samples were collected from the Corston Hill mugearite to 
concentrate the scraps of biotite as the whole-rock is altered, but 
the latter were too fine-grained to be separated. 
Most of the lavas in the Carnwath area proved to be altered at 
outcrop and were not collected. Some fresher ones were carbonated in 
section. Plagioclase was separated from one of th: freshest lavas, 
a microphyric hawaiite with devitrified glass, from Arthurshiels 
(HS125). The measured dates are scattered, possibly because of sample 
inhomogeneity. A fresh sample of a basanitic intrusion at Kersemains 
Quarry (HS127) gave a date of 301 ± 8 m.y. The sample contained a small 
amount of devitrified glass and this must therefore be a minimum age 
for the intrusion. However, this plug may be Silesian in age, for it 
differs chemically from the lavas and is similar to the E. Lothian 
undersaturated intrusions. 
5.1.3 Traprain Law phonolite: Rb-Sr isochron 
The Traprain Law phonolite in East Lothian is a laccolithic 
body possibly of early C.S.M. age. Its K-Ar date cannot be considered 
to be reliable (see Chapter 3). The intrusion displays considerable 
heterogeneity with pronounced flow banding involving layers of grey 
and a pinker, more speckled variety. The latter may be a result of 
hydrothermal alteration of the grey bands (Upton & Macdonald, 1975). 
The rock consists mainly of phenocrysts of oligoclase and cryptoperthite, 
in a matrix of anti-perthite, aegirine-augite, fayalite, sodalite and 
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magnetite; small quantities of nepheline have also been identified. 
Low temperature minerals are common in veins and joints. 
- 	 A 2 kg sample (HS163) of the grey facies was crushed and split 
into two portions: one for the whole-rock analysis and one for mineral 
separations, from which clean feldspar density fractions were obtained 
(F4 may have contained some nepheline and sodalite). This method of 
obtaining an isochron gives a wider range of Rb/Sr ratios than might 
be possible with whole-rock samples (Patchett, 1976) as can be seen 
in Table 5.2. The Rb-Sr analytical methods are described in van Breem.n 
et al. (1971) and van Breemen et al. (1975). The isochron obtained 
(Fig. 5.2) corresponds to a date of 342 ± 20 m.y. with an initial 
87Sr/865r ratio of 0.7032 ± 0.0006 (A 87Rb = 1.42 x IO U/yr; errors 
quoted at the 95% confidence level). The value of the M.S.W.D., 
which indicates the degree of scatter of the data points about the 
best-fit line, is 1.52, indicating that an isochron relationship 
exists (Brooks et al., 1972). 
This age is in excellent agreement with the K-Ar sanidine dates 
from the trachytes (de Souza, 1974) and confirms a C. 345 m.y. age 
for the East Lothian volcanism. The initial Sr/ Sr ratio is 
within the range of mantle derived magmas and is consistent with the 
hypothesis that the phonolite is derived from a basic magma. The 
East Lothian succession is dominated by k-normative basalts although 
a few more evolved strongly silica-undersaturated lavas - kulaites - 
are encountered (Macdonald, 1975); several vents also contain basanite 
blocks and these may be of early C.S.M. age (McAdam, 1975). The 
phonolite could have evolved from any of. these magma types, but the 
-normative magmas are most unlikely to be parental to it (e.g. Macdonald, 
1974). The ne-normative analcime trachybasalt inclusions in the 
phonolites may be of significance for its generation and emplacement. 
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5.2 	Upper Oil Shale Group volcanicity at Burntisland 
The lavas in the Burntisland area occur about mid-way in the 
Upper Oil Shale Group (at the level of the Houston Coal) and continue 
mid-way into the Lower Limestone Group. Locally, at King Alexander's 
Craig, near ,  Pettycur, activity commenced slightly, earlier (Francis, 
1961c). Most of the lavas along the coast, apart from those in the 
Pettycur area, are altered and contain devitrified glass. 
Two lavas from the lower group in the Pettycur area, MV400 and 
407, were analysed (Table 5.3). Both lavas haie chloritised ground- 
masses. MV400 is the fresher and the date of 309 ± 7 m.y. may approximate 
the age of extrusion; MV407 (290 ± 7 m.y.) was a little glassy and 
loss of argon during devitrification is suspected. HS160 and 161 
are intrusions in the Binn Vent at Burntis land in the core of the 
anticlinal structure on which the lavas occur. This vent may have 
been one of the main sources of the lavas (Allen, 1926). HS161 has 
a fresh glassy base but appears to have lost 40Ar 
d  and the date of ra 
205 ± 8 rn.y. must be a minimum age. The date of 284 ± 8 m.y. for 
H160 also indicates argon loss from this sample, if it is assumed to 
be a plug emplaced during the period of lava extrusion. However, the 
sample is quite fresh and the possibility that it is a later intrusion 
cannot be ruled out. 
The data from the Burntisland samples (Table 5.3) was plotted 
on a 40  A rad V. 40K plot and a very good straight line obtained with 
a date of 348 ± 8 m.y. (M.S.W.D. = 0.1). However, given the differences 
in petrography (especially in the K-bearing phases such as glass) and 
the geographical separation of the samples (with the possibility of 
different thermal histories) it is thought that the co-linearity of the 
data is fortuitous. Furthermore, this age would entail severe 
difficulties in stratigraphic correlation for the upper lavas are 
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intercalated with sediments whose equivalents in the west overlie the 
Clyde Plateau lavas. This indicates an age of around 320 m.y. for 
the Burntisland volcánics. The latter age is in conflict with the age 
of 338 ± 4 m.y. assigned by Fitch et al. (1970) to these lavas. 
5.3 	Late Dinantian and Early Silesian Volcanicity in West Lothian 
5.3.1 Geology 
Volcanism in West Lothn began in mid-Upper Oil Shale Group 
times, shortly after the commencement of volcanic activity in the - 
Burntisland area. The early pyroclastic activity gave rise to an 
ash band, traceable over a wide area (Mitchell & Mykura, 1962) which 
was very probably issued from the Binns Tower vent, near Linlithgow 
(Cadell, 1923). The overlying Riccarton Hill lavas'. of late C.S.M. 
age can be traced down to Bathgate. The Lower Limestone and Limestone 
Coal Groups consist of a thick wedge of lavas and tuffs between 
Bathgate and Linlithgow, while further north, the Muirhouse and 
North Bank lavas are intercalated in Limestone Coal Group sediments. 
Activity was much reduced in Upper Limestone Group times; the maximum 
development of lavas is found in the Kipps Hill area halfway between 
Bathgate and Linlithgow. MacGregor & Haldane (1933) point out that 
there is a considerable thickness of lavas west of the present outcrop 
under the cover of Coal Measures and Passage Group sediments, and the 
lavas appear to occupy a triangular area from north of Bo'ness to 
Slamannan to just south of Bathgate with a maximum development in the 
middle area. Rapid thinning toward Slamannan is supported by the 
Rashiehill bore (1 mile west), which encountered no post C.S.M. lavas. 
Most of the vents from which lavaswere issued, outcrop east of the 
present outcrop, but many vents have been found in boreholes further 
west and there would appear to be a westward shift of the eruptive 




Although the petrography of these lavas has been described in 
general (Falconer, 1906; Flett et al., 1910), the locations of fresh 
lavas have not been published. A number of specimens were collected 
along the strike of the lava outcrop: from the late C.S.M. to the 
Upper Limestone Group lavas. All were altered to some extent and 
many were glassy: this is rather disappointing in an area which is 
well known stratigraphically in terms of the international Carboniferous 
classifications and which straddles the Dinantian/Silesian boundary. 
Three of the least altered lavas were analysed (Table 5.3), 
but appear to have lost radiogenic argon. HS91 from the Riccarton 
Hills is the lowest lava in the succession (Peach t al., 1910) and 
is probably the equivalent of the uppermost Clyde Plateau lavas; HS92 
from Craigmailing in the thickest part of the succession is of 
Limestone Coal Group age. Both -lavas are slightly glassy and look 
turbid in thin-section. Their common date of 296 ± 8 m.y. agrees 
closely with the 295 ± 5 m.y. date for a lava from the Muirhouses Lava 
Group (Fitch et al., 1970). The date of 202 ± 5 m.y. obtained for the 
glassy Kipps Hill basanite (HS94) of Upper Limestone Group age reflects 
radiogenic argon loss caused by hydration and/or devitrification of the 
glass which appeared fresh in thin-section. The Binns Tower Vent 
intrusion (HS96) is a fresh -normative microphyric basalt with fresh 
brown glass in the groimdmass. It probably was a feeder for some of 
the early lavas in West Lothian. The date of 225 ± 7 m.y. must be 
a minimum age however, probably because of argon loss from the glassy 
mesostasis. 
The West Lothian lavas have been intruded by many quartz-dolerite 
sills and dykes and it is very likely that the lavas have been partially 
overprinted by this later event. This is supported by the turbid 
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appearance of the lavas (especially the feldspars) in section. The 
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agreement of the ages of three lavas at about 295 m.y. is a good 
minimum estimate fortheir age, while the 320 m.y. age of the top of 
the Clyde Plateau lavas provides an upper limit. 
5.4 	Intrusions 
5.4.1 Geology 
The olivine dolerite and teschenite intrusions of Fife and the 
Lothians form the second group of intrusions referred to in Chapter 2. 
They cut strata up to Upper Limestone Group in age and are thought to 
be associated with the pre-Passage Group volcanicity. 
In West Fife and Kinross the large number of doleritic sills, 
which petrographically resemble the West Lothian lvas, are part of an 
intrusive sill complex with an age spanning the Lower Limestone Group 
sediments. The sills are intruded at several levels and they acted as 
sources for vents reaching the surface (Francis, 1961a, 1968a; 
Francis et al. 1970). 
In East Fife the large number of sills petrographically similar 
to those of West Fife are also thought to form a single sill complex, 
which does not cut strata higher than the Upper Limestone Group 
(Forsyth & Chisholm, 1977). The northern part of this complex has 
been described by Walker & Irving (1928). The large teschenite 
intrusions in the Burntisland area, are thought to be only slightly 
later than the lavas and they are most probably of the same age as the 
other intrusion in Fife (Allen, 1924; Francis, 1961c). 
Large numbers of teschenite sills are also found in the Lothians, 
especially between Edinburgh and Linlithgow. Only a very few cut 
strata higher than the Lower Limestone Group. Mineralogical variations 
in many of these sills are well known (see Mitchell & Mykura, 1962, 
for a detailed bibliography). 
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5.4.2 Dating 
Previous whole-rock dates from this group of intrusions are 
between 300. and 310 m.y., with lower ages probably resulting from loss 
of radiogenic argon. Most of these sills are altered in the field, 
but the accessory biotite developed in the teschenites is always fresh, 	- 
even though the other minerals (apart from the clinopyroxere) may be 
altered. Three such sills were sampled in the Edinburgh area. 
The Corstorphine Hill teschenite forms a conspicuous ridge in 
Edinburgh; at its northern end at Barnton, a picritic facies is 
developed with abundant biotiie (Peach et al., 1910). There was some 
difficulty in separating the biotite cleanly from thealtered olivine 
and the sample (HS58) was about 90% pure. However; this impurity is 
not thought to have any effect on the age because of its very low 
K content. The duplicate analyses (Table 5.4) agree closely and the 
date of 311 ± 9 m.y. is similar to the 310 ± 7 m.y. date obtained on 
a much cleaner biotite separate (HS59) from a small teschenite sill 
near the mouth of the R. Almond at Cramond. 
The Mons Hill Sill is one of the largest intrusions in the 
Dalmeny area (Walker, 1923). The many sills in this area may be part 
of a single faulted sill complex. Biotite and analcime were separated 
from a sample at Whitehouse Point (H560). The 302 ± m.y. date for 
the biotite sample is lower than the other two dates but not significantly 
different at the 95% confidence limit. The analcime date (270 + ' 7 m.y.) 
is much lower than that of the biotite. 
An attempt to separate biotite from the altered Lochend essexite 
was not successful. 
The Edinburgh teschenites display an apparent age range almost 
as great as the East Lothian intrusions whose dates (for three fresh 
whole-rock samples) range from 296 to 313 m.y. All measured dates 
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from this group in the Forth area are plotted on a histogram, excluding 
those below 280 m.y. (Fig. 5.3). The dates between 280 and 290 m.y. 
are all from the East Fife Sill complex (Forsyth & Chisholm, 1977). 
Argon loss from analcime may be responsible for the lower ages, but 
no petrographic descriptions of the samples are available. The 
period of intrusion for the alkaline dolerites is between 295 and 315. 
The mean apparent age of seven samples dated by the author (including 
those from East Lothian) 306 ± 12 m.y. (2o), is thought to represent 
the best estimate of the age of these intrusions, although the mean 
may be biased because of argon loss in the whole-rock samples. The 
possibility that the intrusion of these bodies was a prolonged event 
of about 10 m.y. cannot be ruled out. This is suggested by the spread 
in the biotite dates. 
5.4.3 The Dalmahoy syncline intrusions 
South-west of Edinburgh a number of basic sills form a bold 
feature in the Dalmahoy syncline. They are part of a sill complex 
intruded near the base of the Cementstone Group west of Balerno. 
The sills are unusual petrographically and chemically and their 
magmatic association has been a matter of debate. They have been 
described as tholeiites texturally by Campbell & Lunn (1927) and 
they are distinctive in the development of chlorophaèite (Campbell & 
Lunn, 1925). Chemically, they are transitional between the alkaline 
and tholeiitic suites and Campbell & Lunn (1927) regarded them as 
intrusive equivalents of the Lower Carboniferous mugearites and basalts, 
as they were truncated by the Permo-Carboniferous E.-W. faults. 
MacGregor & MacGregor (1948) and MacGregor (1948) thought they were a 
unique phase of the quartz-dolerite episode, a view adopted by 
Mitchell & Mykura (1962). Walker (1965) concluded that the Dalmahoy 
sills were an individual phase with no connection with either the 
144. 
alkaline or tholeiitic magams. Chlorophaeite-bearing dolerites in 
the Auchinoon area nearby cut Lower Oil Shale Group strata but 
resemble the teschenites further north. 
Many of the Dalmahoy sills are altered and quite glassy. 
The specimen (HS63) from Kaimes Quarry at the west end of the main 
Dalmahoy sill was very fresh with glass in the groundmass. The date 
of 320 ± 7 m-y. (Table 5.4) rules out an association with either 
the teschenites or the quartz-dolerites, and supports the view of --
Campbell & Lunn (1927) that it is associated with the Lower Carboniferous 
volcanism. The only problem in interpreting this age is whether it is 
a minimum age for an intrusion emplaced in early C.S.M. times during 
the Arthur's Seat volcanicity or whether it is coei.al with the later 
Clyde Plateau volcanism. The field evidence is not helpful for the 
sills cut only the Cementstone Group. On balance, the alteration in 
the sample does not suggest argon loss and the sill complex was 
probably intruded during the late C.S.M. volcanicity in the Midland 
Valley. 
5.5 	Significance of the Forth Valley Group Ages 
The lavas from all levels seem to have suffered a certain 
amount of radiogenic argon loss. This might be expected in an area 
that has been subjected to repeated igneous activity. The Arthur's 
Seat lavas were probably reheated by later intrusions, such as the 
Salisbury Craigs teschenite and the alteration evident in them may 
have taken place during the circulation of warm ground waters. The 
date of 347 ± 5 m-y. obtained by Fitch et al. (1970) on a lava that 
is not noticeably less altered than those dated in this study, remains 
the best radiometric evidence of.a pre-340 m.y. age for this group. 
The palynological correlations between the C. 345 m.y. E. Lothian 
lavas and Arthur's Seat (Neves et al., 1973) and the fact that both 
formations lie some distance below the MacGregor Marine Bands or the 
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equivalent Pumphërston Shell Band in the Edinburgh area (Wilson, 1974) 
is considered to be sufficient evidence for a pre-340 m.y. age for 
the Arthur's Seat vo-lcanicity. 
The apparent ages of the intrusions are not so easy to interpret. 
In view of the freshness of the Whinny Hill intrusion (HS153) and the 
Lion's Haunch Basalt (HS155) these may not be of early C.S.M. age but 
later. The Lion's Haunch Basalt and the Dalmahoy Sills (both 320 ± 7 m.y.) 
may be the intrusive phases of activity around Edinburgh contemporaneous 
with the later Clyde. Plateau volcanicity. The Upper Oil Shale Group 
lava at Dalmeny and a few tuffs bands are probably the only surface 
manifestations of this volcanicity rmaining in the Edinburgh area. 
Chemically the two intrusions could belong to either the early or 
late C.S.M. volcanicity. The above interpretation of the Lion's Haunch 
intrusion conflicts with Oertel's (1952) interpretation of it as a 
lava lake: possibly the same phenocryst orientations could occur in 
a cooling intrusive body. 
The apparent age of the Whinny Hill intrusion (305 ± 9 m-y.) 
suggests that it was emplaced during the period of teschenite intrusion 
in the Forth area. Chemically, the silica-undersaturated intrusion 
could belong to this group of intrusions, which range in composition 
from -normative transitional basalts to basanites (see Fig. 5.4). 
Although Clark (1956) thought that the intrusion was emplaced before 
the surrounding lavas had consolidated, the apparent age suggests that 
a' re-examination of the field evidence is needed. Similarly, the 
Dunsapie intrusion, which is slightly undersaturated and has,a date 
of 295 ± 5 m.y. (Fitch et al.,. 1970), could also belong to this period 
of intrusion. This interpretation is not applicable to the Samson's 
Rib intrusion as the sample dated was considerably altered,. 
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Like the Arthur's Seat lavas, the lavas of the Burntisland and 
West Lothian volcanic groups have been subjected .to subsequent 
igneous events - the most notable being the intrusion of quartz-dole rites. 
Regional hydrothermal systems initiated by the intrusions were probably 
responsible for the alteration and radiogenic argon loss in the lavas. 
Zeolites and other low temperature secondary minerals have been noted 
in all the Forth lava piles but, like the Clyde Plateau, no idea of 
their distribution can be gauged from the existing description of the 
lavas and therefore the temperatures to which they were reheated cannot 
be estimated at present. It should be noted that hydrothermal alteration 
was not the only cause of argon loss. The loss of radiogenic argon 
from low retentivity sites, such as in glass, is si'gnificant: the 
glassy rocks have lost a greater proportion of their argon than the 
other essentially holocrystalline samples; such rocks may never have. 
acted as closed systems. 
The dates obtained from the alkaline dolerite intrusions confirm 
the statements made by most writers (e.g. Clough et al., 1910; Bailey 
in MacGregor, 1925) that they are connected with or associated with 
the pre-Passage Group volcanicity. In particular, they are considered 
to be contemporaneous with the West Lothian volcanism for several 
reasons: 
Mineralogically, they are ofen identical with the West Lothian 
lavas (e.g. Francis, 1961; Francis et al., 1970); olivine ± 
clinopyroxene-phyric types are common as plugs or at the margin of the 
coarse-grained sills. 
Chemically, the intrusions cover a similar range of compositions 
as the lavas. On an alkali-silica diagram (Fig. 5.4) on which the 
Forth intrusions and the lavas from Burntisland and West Lothian are 
plotted, it can be seen that both groups vary from -normative to 
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basanitic types. Most of the teschenites belong to the alkali-basalt 
and basanitic series while basanitic lavàs have recently been 
identified in West Lothian (Macdonald et al., 1977). However, a 
great deal of further petrochemical work is needed before it can be 
demonstrated that the intrusions and lavas are comagmatic. 
3. 	Francis's (1968) hypothesis regarding the intrusive mechanism 
of the West Fife sill complex is a persuasive argument in favour 
of the contemporaneity of the alkaline dolerites and the West Lothian 
lavas. The period of intrusion according to this hypothesis is 
similar in length to the duration of volcanic activity in West Lothian. 
It is notable that alkaline sills are lacking in the Bathgate-
Linlithgow area and the question may be raised as to why surface 
volcanic activity, in the Silesian at least, was confined to this area. 
One answer may be that subsidence and sedimentation rates were 
faster in West Fife than in West Lothian. Volcanic activity in the 
Eathgate-Linlithgow area was on the western flanks of the Burntisland 
Arch (Goodlet, 1960) - an area of little or no deposition. In contrast, 
the area to the north, in West Fife, was on the flanks of the 
Kincardine depositional basin (Francis et al., 1970), where the 
partially consolidated sediments favoured sill formation. A similar 
conclusion applies to the other Fife sill complexes. 
Francis (1965b, 1968) has noted how the variation in sedimentation 
rates has preserved some ash cones, whereas in other cases there - was 
sufficient time for the tuffs to be partly reworked. This may be 
taken to imply that sedimentation rates in mid-Carboniferous times 
were very fast - of the order of tens of thousands of years perhaps, 
to deposit the 250 m of Limestone Group sediments in the Saline area. 
The formation of the West Lothian lava pile could have been completed 
in less than about five million years. Erosion of the lavas was minimal 
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as boles are not developed between flows and other volcanic detritus 
is not common although the surrounding sediments contain much clay 
of volcanic origin (J. Jameson, pers. comm.) which may have been 
derived from the degradation of the widely scattered pyroclastics 
(cf. the tuffaceous siltstones over most of Fife, linked by Francis 
(1961c) to the. West Lothian volcanicity). The lavas which were 
erupted sub-aerially in a marine lagoonal environment probably subsided 
rapidly and were buried by the limestones and sandstones now seen 
intercalated in them. 
Closer limits can now be set on the age of the West Lothian 
volcanicity. The upper limit is set by the 320 m.y. age of the 
Upper Clyde Plateau lavas; the earliest West Lothian lavas occupy the 
position of the C.S.M. marine bands also overlying the Clyde Plateau 
lavas. The mean age of the tescheñites, 306 ± 12 m.y.,must represent 
a lower limit for the age of the lavas but as intrusive activity may 
have continued on after surface volcanicity had ceased, it is thought 
that the formation of the lava pile was complete by 310 m.y. Thus 
it may be concluded that volcanicity in West Lothian occurred at 
315 ± 5 m.y. and this is also a good estimate of the Dinantian-
Silesian boundary. 
5.6 	Dinantian Volcanism in Southern Scotland 
5.6.1 Geology 
To summarize the description of Border volcanism (Chapter 2, 
section 2.3.3), at least three episodes of volcanic activity have been 
recognised: the Tournaisian Birrenswark and Kelso lavas at the base of 
the Carboniferous locally; the early Visean Kersehopefoot basalts; 
and the slightly later Glencartholm Volcanic Beds (Fig. 5.5). Over 50 
plugged and agglomerate-filled necks occur between Langholm and Dims 
(Greig, 1971; Leeder, 1974). The relative ages of the vents 
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rare unknown but as many of them cut the early lavas but not strata 
younger than the Glencarthoim Volcanic Beds, they are thought to be 
sources for the tuffs and other volcanic debris in the latter. 
The trachyte and phonolite dykes and intrusions (some of 
peralkaline character) are thought to be later than the basaltic 
phase (Grei, 1971), although the evidence for this is not clear: 
none of the intrusions cuts strata of Carboniferous age (e.g. Tomkeieff, 
1953); they, are intruded in Upper O.R.S. or Silurian rocks; the 	-- 
agglomerates associated with the acidic intrusions appe,ai' to coitain 
mostly fragments of O.R.S. and Silurian sediments mixed with trachyte 
and occasionally basalt. The main point in favour of a Carboniferous 
age is their resemblance to the acidic rocks in East Lothian 
(e.g. McRobert, 1914; Greig, 1971) and their similar areal distribution 
with the basic rocks. More. significant is the recognition in a 
borehole of trachytic fragments in the Glencarthoim tuffs (Lumsden et 
al., 1967). This strengthens the correlation of the acidic phase 
of volcanism with that of the Garlton Hills. 
Lavas from all three episodes are highly altered with even the 
pyroxenes replaced (Elliot, 1960; Lumsden et al., 1967). Most of 
this alteration is thought to be deuteric and this would seem to be 
supported by the 355 ± 12 m.y. age obtained from an altered lava at 
Watch Hill near Langholm (de Souza, 1974). The ac.idic rocks are also 
decomposed although fresh sanidine is occasionally preserved. In 
this study the dating survey was concentrated on the basic intrusions 
as most were relatively fresh and their interpretation less ambiguous. 
Most intrusions appear to be identical with the lavas chemically 
(Elliot, 1960; Macdonald, 1975). 	 , 
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5.6.2 Results 
Samples from five intrusions in the Kelso area were analysed 
(Table 5.5): three of them, Hexpathdean (MV178), Borthwick Quarry, 
Dims (MV114) and Dunion Hill (MV13) being sills or plugs intruded 
into the Upper O.R.S.; the Lurgie Craigs (MV40B) and Blinkbonny Farm 
(MV49) plugs cut the Kelso lavas. The first three samples are quite 
fresh and give dates around 329 ± 9 m.y., which is similar, to the 
326 ± 7 m.y. date from the Blinkbonny plug (MV49). The Duns rock 
(HS114) is more altered than the other three and may be older. The 
sample from Lurgie Craigs (MV40B) is somewhat glassy and gives a 
lower date of 290 ± 6 m.y. which may be attributed to argon loss from 
the glass. The ages of the two plugs, which cut the lavas, differ 
from. the 312 ± 7 m.y. date obtained on a very fresh sample from 
Hareheugh Craigs (de Souza, 1974) which is near Lurgie Craigs and also 
cuts the lavas. 
Only one sample was dated from the Larighoim area: an olivine-
augite-plagiocláse-phyric flow from Arkletonshiels (MV124). The 
date of 324 ± 9 m-y. is low compared with the 355 ± 12 m.y. date obtained 
for the Watch Hill flow which was far more altered. In the 
Arkletonshiels flow olivine is the only mineral totally altered (to 
quartz, calcite and chlorite) and the groundmass is only partly 
chloritised. 
Several samples were collected from the Eildon Hills complex 
near Melrose, most of which were altered. The Black Hill quartz-
riebeckite trachyte nearby was also sampled. The Eildon Hills are 
regarded as a composite laccolith in which trachytes and rhyolites 
were intruded sheet by sheet (McRobert, 1914). Fresh sanidine separated 
from the highest sanidine trachyte sheet on North Eildon (HS54) was 
washed in hot dilute HC1 to remove the haematite staining which pervades 
the rock. The date of 329 ± 7 m.y. is the same as that obtained for 
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the basic plugs to the east in the Kelso area. Zircons have been 
noted in some of the Eildon Hill rocks (McRobert, 1914) but a large 
sample of the Wester Eildon rhyolite proved to contain only a few 
zircons. It is possible that the Mid-Hill rhyolite contains more, 
but time did not permit further collection from this area. 
Sanidine separated from the Black Hill rocks(HS56) was also 
treated in hot HC1. The date of 269 ± 6 m.y. is surprising as 
it is fair to assume that the acidic rocks In this area are comagmatic. 
It may be that the sanidine, which is cracked and stained by haematite 
like the Eildon Hills sample, has lost radiogenic argon. However, this 
date is the same as the 269 ± 5 m.y. date obtained on a fresh sample 
from the Howgill Sike plug in the Langholm area and there may be an 
early Permian phase of volcanism which has escaped notice. 
Finally, a sample from the nepheline-basanite plug at Southdean 
(M\1178) gave a date of 299 ± 9 m.y. This is consistent with the age 
of basanitic volcanism in the Midland Valley, with which it has been 
compared (Tomkeieff, 1952). 
5.6.3 Discussion 
Fourteen dates from this study and de Souza (1974) were plotted 
on a histogram (Fig. 5.6). It appears that, in addition to the early 
event at C. 355 m.y. responsible for the formation of the Kelso Traps 
and Birrenswark lavas, there is another (mainly intrusive?) volcanic 
event at C. 330 m.y., during which the basic plugs in the Kelso area 
and the Eildon Hills complex were emplaced. The spread of ages below 
330 m.y. may be the result of argon loss but there may have been 
further intrusive activity between 310 and 320 m.y. and an early 
Permian event of silica-saturated magmatism at 270 m.y. 
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- There is some difficulty in reconciling the c. 330 m.y. event 
with the stratigraphic record: the latest volcanic episode, the 
Glencarthoim Volcanic' Beds, occurs at the base of the newly defined 
Asbian stage, which in the Midland Valley has been placed at the 
top of the East Lothian and Arthur's Seat lavas (George et al., 1976) 
and hence a pre-340 m.y. age might be expected. However, this 
discrepancy- can be resolved if it is assumed that there is an 
unconformity between the East Lothian lavas and the overlying Asbian 
(or Lower Lothian Group) sediments (which are equivalent to the Lower 
Oil Shale Group sediments above the Arthur's Seat lavas). 
The data was also analysed using isochron plots (Fig.5.7, 5.8) 
as examination of the dates showed that samples with higher dates had 
higher K contents. Regression analyses of the data are shown in 
Table 5.6. The 40 A 
d 
 V. 40K isochron ages range between 345 and 
350 m.y. and the degree of scatter is very- low. The negative 
40 A d intercept and collinearity require samples to have lost similar 
quantities of 40Ard 	l, ± 0.2 x 10_ 6  scc/grn). 	Inclusion of data 
from two more plugs: Hareheugh Craigs (MV39; 312 ± 7 m.y.) in the 
Kelso area and Windburgh Hill (MV123; 311 ± 9 m.y.) in the Newcastleton 
area (de Souza, 1974) does not change the age by much, but the degree 
of scatter about the best-fit line is increased. A similar isochron 
age is obtained on the 40Ar/36Ar v.  40K/36Ar  plot if the duplicate 
analysis of MV178 is omitted (probably owing to higher atmospheric 
contamination during its analysis - regression-2, Table 5.6). 
The isochron ages from both plots are not significantly different 
from the conventional ages if MV40B is omitted from the regression 
analysis. This glassy sample may have lost a larger fraction of its 
radiogenic argon than the other samples and it has had a disproportionate 
effect on the isochron ages. 
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Doubts concerning the validity of these isochrons are discussed 
in Chapter 3. The isochron ages could only be accepted here because 
they are geologically meaningful and because of the agreement of the 
ages from the two isochron plots. The fact that data from one of the 
Birrenswark lavas (MV124) and from two other plugs (MV39 and 123), 
which also, resemble the lavas chemically, plot on the isochron could 
be further evidence that the 347 ± 12 m.y. isochron is meaningful. 
Some of the basic intrusions could have been feeders for the Birrenswark 
lavas, while those cutting the lavas could be slightly later intrusions 
or feeders for the Kersehopefoot Basalt. 
However, evidence against the argument above comes from the 
329 ± 7 m.y. date for the Eildon Hills. This acidic  phase of activity 
may 'becorrelated with the GlencarthoIrrf -Vol canic Beds during the' 
formation of which, at least some basic plugs were emplaced. In 
addition, there is considerable evidence that basic volcanism 
accompanied the intrusion of the acidic rocks (Greig, 1971). Hence 
many of the plugs in the Kelso area, at least, could belong to this 
phase. Volcanism at this time might also be significant as it is at 
the beginning of the major Clyde Plateau volcanic episode. A period 
of silica-saturated volcanism in the Borders would not be unexpected. 
The age of the basic plugs must be left open until further 
data is obtained. However, it may be concluded that the Birrenswark 
and Kelso lavas were erupted at - C. 355 m.y., while the Glencartholm 
Volcanic Beds are about 330-335 m.y. old. The correlation of acidic 
activity in the Borders with that in East Lothian is weakened but not 
fully disproved, as the ages of the two episodes are not totally 
different at the 95% confidence level. This age also suggests that 
there was a period of non-deposition (of about 5 m.y.?) before the 
154 
Asbian sediments (Lower Lothian or Lower Oil Shale Group), above the 
early C.S.M. lavas in the Midland Valley, were laid down. Minor 
intrusive activity in Southern Scotland continued in the Silesian 
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FIG. 5.1 Outcrop of Carboniferous lavas and intrusions, around the Firth of Forth and location 
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FIG. 5.2 Rb-Sr isochron diagram for the Traprain Law phonolite. 
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FIG. 5.4 Alkali-silica diagram for lavas and intrusions from Fife 
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FIG. 5.5 Outcrop of Carboniferous volcanics along the Borders 
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FIG. 5.7 49Arra v 40K diagram for the 
Southern Scotland whole-rock 
samples 
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FIG. 5.8 Isotope ratio plot for the Southern Scotland whole-rock samples 
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TABLE 5.1 
K-Ar Data from Lavas and Intrusions in the Edinburgh and Carnwath Areas 
40 Arn 	 Rd 	11 r 
Sample Description Size Fraction ° 	K 
Run No. Radiogenic - 5 
xlO 	5cc/gm 
Holyrood Park and Craiglockhart 
Hs114 
W.R. 	basalt - 3.35 + l.kmm 1. 449  
7141 87.2 1 .830 
IV Powder 773 85.2 1.857 
HS151 
W.R. 	basalt 
-0.5 + 0.18mm 0.8314 1295 86.6 1.096 
HS153 
W.R. 	basalt 
-0.5 + 0.18mm 0.1433 196 62.7 0.572 
HS155 
W.R. 	basalt 
-0.5 + 0.18mm 1.129 lOO 86.7 1.575 
HSI58 
W.R. 	basalt 
- 0 . 5 + 0.18mm 0.662 1312 47.1 0.902 IV 
Carnwath 




















320 ± 7 
	
320 ± 9 
313 ± 9 
	
313 ± 11 
261 ± 6 
315 ± 9 
302 ± 5 
300 ± 6 
301 ± 8 
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TABLE 5.2 
Rb-Sr Data from the Traprain Law Phonolite 
Rb Sr Rb/Sr 8 Rb/ 86 Sr 8 ri 86 r Sample 
(ppm) (ppm) (weight) (atomic) (atomic) 
163 Fl 120.3 918.5 0.1310 0.3789 0.70 149 
163 F2 202.6 408.5 0.14960 1.1435 0.7104 
163 F3 212.6 2+3.6 0.8728 2.527 0.71514 
163 F'+ 1140.8 139.6 1.008 .2.919 0.7172 




























-500 + 180m 0.734 
-500 + 180gm 0.3145 
- 500 + 180m 1.299 
-500 + 180jim 0.78 
-500 + 180jm 0.713 
-500 + 180jim 1.031 
-500 + 180pm 0.79 
-500 + 180.ttm 1.192 
86.6 0.897 2814 ± 6 2814 ± 8 
51.2 0.293 202 + 6 
205 + 8 63.6 0.302 207 ± 5 - 
91.0 1.761 312 + 5 
91414 1.717 35 ± 5 
309 + 7- 
81.6 0.976 290 + 5 290 ± 7 
90.14 0.920 298 ± 5 296 8 79.3 0.907 2914 ± 6 ± 
92.2 1.320 296± 5 296 ± 8 
83.1 0.6714 202 ± 3 202 ± 6 
















K-Ar data from the Burntisland and Bathgate Lavas and Intrusions 
40 





K-Ar data from Intrusions in the Edinburgh Area 
40Ar 
Sample Description Size Fraction % K 
Argon Rad Mean Age 




l308 95.0 7.925 312 + 6 
HS58 Biotite -165 +.106 Am 5.84 1328 96.4 7.841 309 
- 
+6 
311 + 9 
- 
1091 98.3 9.204 310 + 5 
HS59 Biotite -165 : + 106 t.&m 6.85 1 ,111 98.1 9.188 309 + 5 
310 + 7 
1095 98.4 8.777 300 + 5 
HS6O Biotite -165 + 106 m 6.75 302 + 7 
1115 98.3 8.861 303 + 5 - 
HS60 Analcime -165 + 106 &m 0.721 1090 70.4 0.854 275 + 5 
iOis 96.4 2.584 320 + 5 
HS63 VI.R. 	basalt -500 + 180 p.m 1.851 1044 97.7 2.579 320 
- 
+ 5 





K-Ar Data from the South of Scotland 
Argon Rad 40 A 
Age M.Y. 
Mean Age 
Run No. Radiógenic 
x105scc/gm 
M.Y. 
1003 88.7 1.75 325 + 5 32L1+ 9 
1319 93.9 1.739 323 + 7 - 
13,36 96.5 1.998 332 ± 7 332 + 9 
1337 83.2 0.641 290 + 6 290 + 8 
1338 95.2 1.770 326 ± 7 326 ± 9 
1008 85.6 1.162 293 ± 5 
1215 	,. 84.8 1.217 306.i- 5 299 + 9 
1315 88.6 1.178 297 + 6 
1055 90.1 1.78 1+ 325 ± 5 326 + 7 12109 92.1+ 1.755 326 + 5 - 
1006 89.6 2.316 325 ± 5 329 + 9 




Sample 	Description 	Size Fraction 	% K 
Basic Lavas (Lanqholm Area) 
MV12 14 W.R. 
III 
basalt 
- 500 + 180,t&m 1.236 










-500 + 180m 0.511 
MV49 
W.R. basalt 















-500 + 180im 1.633 
TABLE 5.5 (continued) 
Sample Description Size Fraction 
n 
K 	
Argb O Rad 	Ar 
Age • m 
Mean Age 
Run, No. Radiogenic 
X10 	scc/gm 
M.Y. 
Trachytic Intrusions 	(Near Melrose) 
HS5 Sanidine - 175 	F 	lO6m 1058 5.786 329 ± 7 
HS56 Sanidine - 175 + 106pm 7.42 	lO9 97.6 8.508 267 ± 6 	6 	ON 9 ± 1099 97.6 8.643 271 + 
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TABLE 5.6 








MSWD Age m.y.) Intercept 
-  (xl0scc/gm) 
1. All 	data 6 0.35 350 ± 8 ± 0.2 
2. less 	MV13 5 0.9 3148 ± 8 —1.39 ± 0.2 
3. less 	MV140B 5 0.72 350 ± 38 —1.149 	± 	1.0 
14 less 	MV13 and 1406 14 1.2 345 + 38 —1.2 	± 	1.0 
5. All 	data + MV39, 	123 8 1.51 347 ± 	12 —1.35 ± 0.2 
140 	36 	140 
Ar! 
36 Ar v 	K! Ar Isochron 
Data Regressed 
No. 	of 
Points MSWD Age (m.y.) Intercept 
1. 	All 	data 9 3.92 332 + 214 2214 ± 	170 
less 	MV178 8 0.141 3143 ± 	114 41 	± 	80 
less 	MV140B and 	178 7 0.06 337 ± 20 1147 + 	215 
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CHAPTER 6 
SILESIAN AND EARLY PERMIAN VOLCANISM IN AYRSHIRE 
Ayrshire is the only area in the Midland Valley where there was 
major volcanic activity in the Silesian with the extrusion of the 
Passage Group lavas in North and Central Ayrshire and the late Carboniferous/ 
early Permian Mauchline lavas in Central Ayrshire. The area is also noted 
for the profusion of alkaline dolerite sills, some of which have been the 
subject of close study (e.g. Tyrrell, 1917, 1928b; Drever & Macdonald, 
1967). Accurate ages here are important from the point of view of the 
Carboniferous time-scale, as the above lava episodes occurred at the 
Namurian-Westphalian and Carboniferous/Permian boimdaiies respectively. 
They can also establish a more precise chronology for the intrusion of the 
alkaline dolerites than can be deduced from stratigraphical and 
petrological considerations (e.g. Eyles et al., 1949). 
6.1 	The Ayrshire Passage Group Lavas 
6.1.1 Geo12y 
Passage Group volcanicity in Ayrshire occurred after a period of 
uplift and erosion following Upper Limestone Group sedimentation; there is 
strong evidence for major non-sequences above and below the lavas (Richey 
et al., 1930; Mykura, 1967). Although the lavas are thought to be late 
Namurian in age, there is a possibility that volcanism extended into 
Westphalian (Lower Coal Measures) times (Mykura, 1967). The lavas outcrop 
to the north and south of the Mauchline and Kilmarnock basins and along the 
coast near Troon and Saltcoats (Fig. 6.1); they have also been proved in 
boreholes to underlie the Coal Measures of Ayrshire (Richey et al., 1930). 
Movement of the Dusk Water and Inchgotrick Faults continuing into Passage 
Group times is responsible for variations in the thickness of the lava 
field. The maximum thickness of about 175 m was proved in a borehole north 
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of Troon, but as the Ayrshire lavas are only the western edge of a 
volcanic plateau that extended over 6,200 km  (MacGregor, 1937) to 
Kintyre and Northern Ireland, it is probable that a greater thickness of 
lavas is developed under the Firth of Clyde. The original thickness of the 
lava pile was also much greater, as the lavas, which were poured out onto 
- a flat, slowly sinking land surface, were contemporaneously decomposed, 
the residues forming the Ayrshire Bauxitic Clays (Richey et al., 1930). 
The sources of the lavas are difficult to locate and there is a notable 
lack of pyroclastics. When fresh, the lavas are mainly microphyric, olivine 
and clinopyroxene-phyric basalts, which are distinctive from the Dinantian 
and Permo-Carboniferous Mauchline lavas. Most of the flows have been altered 
to some extent, but fresh specimens can be found. 
6.1.2 Dating 
All the lavas sampled in this study- were from the northern outcrop 
between Fenwick and Auchenharvie Castle, north of Irvine, as it was 
impossible to find fresh specimens from the other outcrops. Three samples 
(HS11, 12, 13) were collected 10 m apart from a lava at Rashillhouse on 
the Annick Water, near the base of the lava pile. The samples, which 
were quite fresh and contained fresh olivine, were collected to test the 
reliability and reproducibility of dates from a single flow (see Chapter 3). 
Two of the samples, HS11 and 12, were crushed and the analyses performed 
on three separate size fractions (Table 6.1), while HS13 was analysed as 
-3.35 + 1.4 mm chips and as a powder used for the K determination. 
The dates range from 287 to 300 m.y. with a mean of 294 ± 10 m.y. 
(2o-). More interesting are the potassium variations for the samples: 
the decrease of Kith size fraction for HSll and 12 is not as marked as 
in the Kintyre samples; however, the correlation between lower K content 
and higher age also applies to this Passage Group lava. Thus,. if it is 
assumed that the less retentive K phases are lost during crushing, then the 
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dates of 300 ± 7 m.y. and 299 ± 5 m.y. for HSll and 12 respectively, can 
be regarded as the most reliable dates of these samples. These dates are 
in very good agreement with those determined on HS13: 297 ± 7 m.y. and 
296 ± 7 m.y. Thus, overall there are no significant differences in age 
between the samples from different parts of the flow and a mean date of 
298 ± 6 m.y-. may be assigned to it. 
Dates from two other lavas nearby, one from near Kilmaurs (HS50) 
and one from Auchenharvie Castle, on the Irvine-Glasgow road, (HS52) 
were lower than the dates from the Annick Water flow: 266 ± 6 m.y. and 
283 ± 7 m.y. respectively. The latter lava was also dated by Fitch et al. 
(1970) who obtained a slightly higher date (294 ± 5 m.y.). The lower 
dates of these flows are a reflection of their more altered state. A 
fresher flow in the Aimick Water section at Mill (HS51), but higher in 
the succession than the Rashilihouse lava, gave a date of 293 ± 5 m.y. that 
is similar to that of the latter. 
The dates of all the samples of the Passage Group lavas (apart 
from those below 280 m.y.) were plotted on a histogram (Fig. 6.2). The 
concordance of the ages of the fresher samples at 295-300 m-y. indicates 
an age of about 300 m.y. All the analyses were also plotted on an 
isotope ratio plot (Fig. 6.3) bar three, two of which (KA738, 740) have 
a higher atmospheric contamination because of inadequate baking and one 
(KA1052, HS50) which has suffered a significant argon loss. A good 
isochron was obtained (M.S.W.D. = 0.74) with an age of 303 ± 10 m.y. and 
an 40Ar/ 36 A intercept, 194 ± 40 (2). The isochron age is almost the same 
as that from the fresher samples and implies that the age of the Passage 
Group lavas is about 300 m.y. This would necessitate lowering the 
Namurian-Westphalian boundary to 300 m.y. and is in line with the changes 
in age of the boundaries of the other Carboniferous stages advocated in 
earlier chapters. 
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6.2 	The Mauchline Volcanic Group 
6.2.1 Geolosr 
The Nauchline Volcanic Group (Fig. 6.1) has usually been assumed 
to be of Perniian.age because of the close litholpical resemblance between 
associated red sandstones and the Permian Penrith Sandstone (Mykura, 1965). 
The discovery of plants in sediments intercalated in the lower lava 
flows (Mykura, 1960), which were identified as being of Westphalian D 
age, led to a revision of the age of the lavas (Mykura, 1965). However, 
re-examination of these plants has suggested that they are of late 
Stephanian (Wagner, 1966) or very early Permian age (Wagner in Smith et al., 
1974), confirming the earlier classification. The Mauchline Volcanic 
Group and the overlying red sandstones are now thought to be the earliest 
Permian formations in Britain (Smith et al., 1974). 
The thickness of the Volcanic Group varies considerably, ranging 
from about 100 to 250 m. The volcanics outcrop at the edge of the saucer- 
shaped Mauchline Basin (Fig. 6.1) and consist of thin, reddened olivine basalt 
and basanitic flows, with intercalated tuffs and sandstones (Tyrrell, 
1912, 1928a; Eyles et al., 1949; Mykura, 1965, 1967). Mykura (1967, p.82) 
has suggested that the extreme lateral variation in lithology within the 
volcanic group implies that the lavas were derived from a large number 
of separate centres. Over 60 agglomerate filled necks forming distinctive 
green hills occur in an area from the north of Kilmarnock toDalmellington. 
They cut all formations up to the lavas themselves, but not the overlying 
sandstones. The agglomerates usually contain igneous fragments similar 
mineralogically to the Mauchline lavas and there is little doubt that the 
vents are associated with the lavas (Eyles et al., 1949). Their 
distribution suggests that the original Permian lava field may have 
covered much of Ayrshire (Tyrrell, 1928a) with an extension to the Permian 
lavas of Arran, Sanquhar and Thornhill. MacGregor (1948) believes that 
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the volcanic vents originated on N.W. or W.N.W. trending dyke fissures 
filled with monchiquite magma and several vents contain small intrusions 
of xenolithic monchiquites and basanites which may have acted as feeders 
for the Mauchline lavas. 
6.2.2 Dating. 
In the field the lvas appear to be altered but, although reddened, 
many are quite fresh in section. Slides from the Tyrrell collection 
at the Hunterian Museum, Glasgow, were examined and samples were collected 
from the fresher lavas. However, only three lavas (from 17 collected) 
were found to be sufficiently fresh to date (Table 6.2). 
A partly zeolitised microphyric olivine-basalt from the R. Ayr 
section at Howford Bridge, near Mauchline (HS36) gave'a date of. 272 ± 7 m.y. 
The olivine is completely haematised, but all other minerals, including 
the feldspars are quite fresh. To concentrate the phenocrysts the rock was 
crushed further and the zeolite and groundmass removed. The date of the 
concentrate (HS36s) 267 ± 7 m.y., is not significantly different from 
the whole-rock date. The potassium content of the separate is not much 
lower than that of the whole-rock and the rock was probably too fine-
grained for a clean separation of the groundmass. 
A more altered sample (HS41), from a basanite at the eastern end 
of the section at Tarbolton Station, gave a date of 250 ± 7 m.y. The 
mesostasis was partly altered and the rock has lost radiogenic argon. 
HS136 is a basanite from the section in the R.Ayr at Stair, on the west 
side of the Mauchline Basin, and is the analysed specimen described as 
an "analcite-basanite" by Tyrrell (1928a). The olivine phenocrysts are 
fresh, although the analcime base is slightly turbid. Its date of 
275 ± 8 m-y. may be near its true age of crystallization and is in excellent 
agreement with the date from HS36. 
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Only one dyke, from the series of undersaturated dykes associated 
with the vents, was considered suitable for dating. The sample (HS141) 
from a fresh fine'-grained, alkali-olivine basalt dyke, cutting agglomerate 
in the Patna Hill vent, gave a date of 251 ± 7 m.y., lower than that of 
the Mauchline lavas. Argon loss may have occurred from the isotropic 
base which is rich in analcime, but equally, the dyke could be of mid-
Permian age. 
The dates of HS36 and 136 (272 ± 7 m.y. and 275 ± 8 m.y. respectively), 
indicate that the age of 280 m.y. for the Carboniferous-Permian boundary 
is a very good estimate. This is the first direct measurement of the 
age of this boundary, which has hitherto been estimated from the ages 
of intrusions (e.g. Francis & Woodland, 1964). 
6.3 	The Central Ayrshire Alkaline Dolerites 
6.3.1 Geology 
The Ayrshire alkalihe dolerites (Fig. 6.4) were first comprehensively 
described by Tyrrell (1912, 1923). He divided the intrusions into 
teschenitic and 'tcrinanitict' (or kylitic (Tyrrell, 1948) series and 
regarded both as being essentially contemporaneous and representing an 
intrusive episode associated with the Mauchline lavas (Tyrrell, 1912). 
He regarded the intrusive complex at Carskeoch, near Patna, as providing 
the best evidence in support of this view. 
The Geological Survey described the geological relationships of the 
intrusions in greater detail and, while agreeing with many of Tyrrellts 
(op. cit.) conclusions about their age, differed from him on their 
petrological classification (Eyles et al., 1929, 1949). They divided the 
sills into four groups which.decrease in alkalinity from groups 1 to 3. 
Group 1 consists of the kylitic essexites, theralites and basanites 
intrusions included in Tyrrell's (1923) crinanite series. The kylitic 
rocks, however, are never associated with the crinanites in the field 
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(Eyles et al. 1949). Mi.neralogically, they develop purplish titanaugites 
that clearly distinguish them from those in the less alkaline crinanites 
(Drever & MacDonald, 1967). In the field, they are usually much fresher 
than the teschenites with which they are sometimes associated. The 
Permian age for the kylitic rocks is based on several pieces of evidence: 
the sills cut the Coal Measures and several are pierced by Permian vents; 
fragments of kylitic rocks are found in a few necks and kylitic intrusions 
occur in two vents; chemically - and mineralogically, they resemble the 
PermianMauchline lavas (Eyles et al., 1949). In addition, paleomagnetic 
work has shown that their direction of magnetism is similar to that of 
the Mauchline lavas (Armstrong, 1957). The intrusion of most of the 
kylitic sills post-dates the formation of the.N.W. trending faults which 
affect the Coal Measures (Mykura, 1967). 
The teschenitic intrusions of Group 2 are divided into three sub-groups. 
The sub Group 2a teschenites are less numerous than the kylites and are 
usually deeply- weathered. Most of them occur in the Passage Group or 
Carboniferous Limestone Series and only one sill of this type (the 
Glengyron Sill) cuts the Coal Measures. The Lugar Sill (which cuts 
Passage Group sediments) belongs to this group. The Group 2a sills are 
classed as Permian because of the close resemblance between the kylites 
and some varieties of the teschenites. The association of kylitic and 
teschenitic types at Carskeoch is also thought to be significant. Unlike 
the kylites, the Group 2a teschenites are affected by all faults in the 
strata in which they occur and must be slightly older. 
The Group 2b sills are the crinanites of Tyrrell (1923) and were 
described by him in detail (Tyrrell, 1928b). These alkaline olivine-
analcime-dolerites are confined to the vicinity of the Mauchline Basin, 
where they cut the Permian lavas and sandstones. They may be distinguished 
from the other teschenites by the presence of analcime-syenite veins 
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(Tyrrell, 1912, 1928b). The outcrops of these sills are now believed 
to form part of a single large sill complex extending from Mauchline 
to the coast (Mykura, 1967). The age of these intrusions is not known 
with any certainty: mining evidence suggests that a Permian vent pierces 
one of the sills (Eyles et al., 1949), but a reappraisal of the evidence 
by Mykura (1965) does not bear this out; the only other point in favour 
of a Permian age is a resemblance to the Group 2c teschenites. The 
fact that the sill complex cuts the Mauchline sandstone, the petrological 
resemblance to the Tertiary crinanites of Arran and the Tertiary direction 
of magnetism measured in them by Armstrong (1957), seem to favour .a 
Tertiary age for the Group 2b sills. 
The Group 2c sills are teschenitic olivine-dolerites that are greatly 
altered but may have resembled the Group 2b sills. However, they occur 
mainly in the Coal Measures and are cut by Permian vents and monchiquites 
similar to those associated with the vents elsewhere. They are also 
affected by the E.W. and N.W. faults and hence are older than the kylitic 
types. 
The Group 3 sills are olivine-dolerites which have been almost 
completely decomposed and are often quartz-bearing:, MacGregor (1948) has 
suggested these sills may have assimilated some sandstone during their 
emplacement. In some sills quartz occurs in micropegmatic veins ; , . these 
intrusions are, however, very different from the quartz-dolerite sills in 
other parts of the Midland Valley. Most outcrops of Group 3 sills are in 
the Carboniferous Limestone Series, but a few cut.Passage Group strata 
and the Coal Measures. The most important outcrop of quartz-bearing 
altered olivine dolerite is in the Craigens-Avisyard sill complex near 
Cumnock. Here it occurs in unchilled contact with biotitic teschenitic 
basalts which are associated with later picrites and teschenites typical 
of Group 2a. Because of this, Eyles et al. (1949) assigned the Group 3. 
sills a Permian. age, only slightly older than the Group 2a teschenites. 
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The thin monchiquite sills form the Group 4 intrusions. They 
are associated with the monchiquite dykes that probably acted as feeders 
for the lavas (see above) and an early Permian age for these sills is 
indicated. 
6.3.2 Dating 
Group 1 intrusions. Whole-rock samples (Fig. 6.4) from the 
Benbeoch essexite (HS24), near Dalmellington and from a quarry at the 
south end of the Craigs of Kyle essexite (HS31), were analysed (Table 6.2). 
The former gave a date of 227 ± 6 m.y. and the. latter, 241 ± 6 m.y. 
These. dates are low if it is assumed that these sills are connected with 
the Mauchline lavas; radiogenic argon loss may have occurred from the 
turbid groundmass, which consists largely of labradorite, analcime and 
decomposed nepheline; this was also suggested by the variation of the 
apparent ages. A further sample from this group, was collected from the 
Kilmein Hill kylitic essexite (HS140) and the biotite separated. The 
date of 276± 6 m.y. is consistent with the age of the Mauchline lavas 
and supports the suggestion that the whole-rock samples have lost argon. 
Carskeoch intrusive complex. This is one of the most important 
localities regarding the age of the various groups. The complex, at 
Carskeoch Farm, near Patna, was first described in detail by Tyrrell (1912, 
1928a). He considered that a complex teschenite-monchiquitic-bekinjcinitjc 
intrusion was emplaced in a Fermi-an vent, followed by an annular intrusion, 
resembling a ring dyke, of olivine dolerite of crinanitic type (Carskeoch 
essexite). However, MacGregor. (in Eyles et al., 1,949) describes the complex 
as consisting of an elongate essexite-dolerite, or basanite (of kylitic 
type) surrounding a core of bekinkinite. Highly baked sediments to the 
E. and W. of the composite plug are cut by a few camptonitic and lugaritic 
intrusions and by numerous thin monchiquitic sills and veins containing 
megacrysts of amphibole, biotite, augite and alkali feldspar. It is not 
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clear from MacGregor's (op. cit.) account whether the essexite and the 
bekinkinite form a single composite mass or whether the essexite is a 
later intrusion. Their relationship is not clear in the field either, but 
it seems likely that the essexite is a later intrusion. 
Samples were collected from all the intrusive types at Carskeoch. 
Kaersutitic amphibole and biotite from a teschenite sample from the 
cental core and amphibole (kaersutite?) megacrysts from the mpnchiquite 
were separated. Biotite from a teschenite vein, away from the essexite 
intrusion proved too fine to separate. The dates from the amphibole 
separates from the teschenite (HS28) and monchiquite (HS157), 285. ± 7 m.y. 
and 282 ± 9 m.y. respectively, agree closely. They also agree closely with 
a whole-rock date of 285 ± 5 m.y. for the essexite intrusion (HS27), although 
the repeat analysis was much lower. The biotite separate from the central 
core (H528) gave a lower date of 276 ± 7 m.y. compared with the amphibole 
separate, but is not different at the 95% confidence level. The reason for 
the difference is not clear. It could be related to the presence of 
impurities in the concentrate which was nevertheless more than 95% pure. 
A sample of baked mudstone (HS25), collected near one of the monchiquite 
intrusions, was also analysed, giving a whole-rock age of 228 ± 6 m.y. 
To summarize the above data, there appears to be no detectable age 
difference between the various intrusive types at the Carskeoch intrusive 
complex. The rocks are probably all genetically linked, although there may 
have been small time differences between the emplacement of the various 
intrusions, which cannot be resolved at present. 
Group 2 intrusions. Samples were collected from each of the sub-
groups Of the teschenitic rocks. Amphiboles were separated from the 
syenitic segregation veins in the intrusions of sub-groups 2a and 2b; 
analcime was also separated from these veins. 
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The Lugar Sill is the best described teschenitic sill in the 
province (Tyrrell, 1917, 1948, 1952); a date of 291 ± 7 m.y. was 
obtained on kaersutite (HS22) from a lugaritic vein. The Howford Bridge 
Sill, near Mauchline, is one of the members of the group 2b olivine-
analcime dolerites, characterised by veins of analcime-syenite. 
Amphibole (ferrohastingsite) HS38, separ.ted from an analcime-syenite 
vein gave a date of 56.8 ± 1.4 m-y., which proves the Tertiary age of 
these intrusions. The dates obtained from the analcimes from both rocks 
do not agree with the amphibole ages (see Chapter 3, section 3.2.2). 
Sample choice in the altered teschenites of group 2c is limited 
because of alteration which has been described as deuteric by Eyles et al. 
(1949). A sample from the Polnessan Burn teschenite (HS142), near 
Patna, was dated at 249 ± 9 m.y. Only the pyroxene was completely, 
unaltered in this rock. As a teschenite of, this group is cut by one of 
the Permian rocks nearby, this date indicates that if the alteration is 
entirely deuteric, the sample has lost argon subsequently. 
Group 3 intrusions. Sample choice is similarly limited in the 
group 3 altered olivine-dolerites. Biotite was separated from a sample 
of biotitic teschenitic basalt (HS23), which is in unchilled contact with 
underlying quartz-bearing altered olivine-dolerite near Ryders ton, in 
the Craigens-Avisyard sill complex. The date of 297 ± 7 m.y. from this 
sample implies that this group of intrusions was not associated with the 
Mauchline basin volcanism. 
Groun 4 intrusions. No other sills from this group, apart from 
the Carskeoch monchiquite sill were dated. However, it is likely that 
the monchiquite sills, most of which outcrop nearby', are all of the same 
age. Hence the date of 282 ±9 m.y. measured on the Carskeoch monchiquite 
indicates that an age of c. 280 m.y. for this group is reasonable, in 
view of their relationship with the Mauchline lavas. 
6.4 	Discussion 
The dates from the Mauchline lavas are consistent with an age of 
about 280 m.y. for their formation. The plants intercalated in the lower 
flows suggest that the volcanic event was entirely Permian, while the 
date of the Stair lava (HS136, 275 ± 8 m.y.) provides a close upper 
limit to the age of the volcanism. This indicates that the extrusive 
episode was confined to the early Permian and was of a few million years 
duration. An age of at least 280 m.y. can also be established by a 
consideration of the dats from the Carskeoch vent. In particular, the 
date of 282 ± 9 m.y. for the monchiquite sill, together with the other 
dates, implies that an age of 280-285 m.y. for the monchiquite intrusions, 
is reasonable and that a similar age should be assigned to the lavas. 
The biotite date (276 ± 6 m.y.) from the Kilmein Hill kylitic essexite 
confirms the petrological evidence that this group of intrusions is 
coeval with the Mauchlinelavas. Thus overall, an age of 280 ± 5 m.y. 
for a Permo-Carboniferous intrusive and extrusive magmatic episode in 
Central Ayrshire (and Sanquahr and Thornhill) is indicated by the distribution 
of the dates (Fig. 6.6). 
The exact age of the Carboniferous-Permian boundary cannot be 
judged with any certainty, as the early Permian age of the floral assemblage 
at the base of the lavas is only tentative (see Smith et al., 1976, p.23). 
Nevertheless, if it is confirmed, then 285 m.y. may be a better estimate 
of the age of this boundary. 
The ages of the teschenite and olivine dolerite intrusions are 
more difficult to assign. The dates of the Lugar Sill and the Craigens-
Avisyard sill teschenite are in keeping with the geological evidence that 
they are older than the kylitic sills. Considering the group 3 sills first, 
the age of 297 ± 7 m.y. from the biotitic teschenite sill in the Craigens-
Avisyardcomplex, places an upper limit on the age of these sills and 
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indicates that they may be related to the Passage Group lavas. The sub-
alkaline character of these sills has been emphasised by Eyles et al. 
(1929), while Macdonaldet al. (1977) have shown that the Passage Group 
lavas are -normative transitional basalts; thus, chemically there is 
no reason why they should not belong to the same volcanic cycle. Their 
intrusive relations too, are not inconsistent with this: the sills occur 
south of the Kerse Loch Fault, around Dalmellington and near Cumnock. 
cutting Upper Limestone Group strata or the lowest part of the Lower --
Coal Measures (strata formerly included in the Passage Group, Mykura 
(1967)), with only two small sills cutting younger strata. The Dalmellington 
sills occur in an.area of maximum subsidence in Lower Coal Measures times. 
The Passage Group lavas are restricted to north of the Kerse Loch Fault 
and Mykura (1967) considers that an early Lower Coal Measures age is 
possible for these lavas. 
The foregoing suggests that subsidence and sedimentation south 
of the Kerse Loch Fault inhibited extrusive activity; instead high-level 
sills were emplaced in relatively wet sediments that promoted their 
deuteric alteration. This distribution of intrusive and extrusive 
activity appears to be similar to that occurring in West Lothian and 
West Fife in mid-Carboniferous times, the only difference being the 
absence of necks associated with the sills. This may reflect differences 
in magma chemistry or lack of a triggering mechanism (Francis, 1968a). 
In conclusion, an early Coal Measures age of C. 300 m.y. for the group 3 
sills seems appropriate. 
Of the teschenites of group 2 only the Lugar Sill has been shown 
radiometrically to be of Carboniferous age. The 56.8 ± 1.4 m.y. date 
for the olivine-analcime dolerite sill is consistent with the 50-62 m.y. 
age of Tertiary volcanism in Britain (Macintyre et al., 1975). The link 
between the group 2b and 2c sills advocated by Eyles et al. (1949) is 
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no longer valid for the Carboniferous age of the latter is not in doubt. 
However, the relationship of the group 2a and 2c teschenites to the 
Passage Group-Lower Coal Measures volcanism and the Permo-Carboniferous 
volcanism is not clear (especially as teschenitic rocks are associated 
with the former in the Craigens-Avisyard complex and with the latter in 
the Carskeoch vent). The date of the Lugar Sill, 291± 7 m.y., is not 
significantly different from either of the above volcanic episodes, 
but is in keeping with the geological evidence that this group of sills 
is older than the group 1 sills. Any association of these sills with 
the Mauchline lavas can be ruled out, as the lavas post-date the N.W. 
faults which cut the sills (Eyles et al., 1949; Mykura, 1967). 
It is possible that intrusive activity continued sporadically 
during or after the deposition of the Coal Measures, between the two 
volcanic episodes. Intrusion of the group 2c tescenites into wet 
sediments may have induced their alteration, whereas the Lugar Sill 
injected into older, more compacted sediments, was less altered. 
This proposal of sporadic intrusive activity post-dating the Passage Group 
volcanism is given credence by TyrrellTs (1917, 1948, 1952) explanation 
of the mineralogical variation in the Lugar Sill, as being caused by 
multiple injection. The appearance of teschenitic rocks in the Carskeoch 
vent may not be significant as the composition of the Permian alkaline 
magma is such that the development of teschenites is not precluded. 
If magmatic activity carried on after the extrusion of the Passage 
Group lavas, it is interesting to enquire as to whether the magmas became 
more undersaturated with time, as occurred in West Lothian. The degree 
of silica saturation of all available analyses in the literature of 
Ayrshire Upper Carboniferous and Permian rocks has been plotted against 
Differentiation Index in Fig. 6.6. The coverage of the various rock types 
is uneven; groups 2c and 3 are unrepresented, bar one analysis, whereas 
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there are many analyses of groups 1 and 2a. Analyses of the latter group 
are mainly from the Lugar Sill and represent teschenitic and theralitic 
types and the basaltic ëontact rock. 
The kylitic rocks and the basic dykes (included in the group 4 
intrusions) are mainly silica-undersaturated and have a' similar range 
of compositions to the Permian lavas. The Lugar Sill, and its continuation 
at Glaisnock, are much more undersaturated than the Permian types. It 
is not possible to say if there is a trend of increasing undersaturation 
with age from the -normative Passage Group lavas because of the almost 
complete absence of analyses from groups 2c and 3, apart from the Craigens-
Avisyard biotitic teschenite. However, if there is one, then the group 
2a sills may lie at the basanitic end of such a trend. A similar trend 
may occur within the Mauchline lavas, as the basanitic lavas analysed are 
all from the upper parts of the lava pile. 
The analyses available do not allow more than a sketchy view of 
magmatic evolution in Central Ayrshire and a more complete description 
of the province must await further analyses. 'Several questions remain to, 
be answered, such as the absence of surface volcanic activity between the 
early Coal Measures and the Permian, the nature of the chemical variations 
within the lava piles, and the lack of more evolved rocks. More generally, 
the relationship between the magmatic activity and tectonics and the 
reason for the absence of quartz-dolerite sills and dykes with the 
associated stress system is not clear. It is apparent that throughout 
the Carboniferous, most of Ayrshire had a magmatic and tectonic identity 
of its own. In the Dinantian, there was very little volcanism south of 
the Inchgotrick Fault, but in the Silesian there were two episodes 'of , 
volcanism of a greater intensity than elsewhere in the Midland Valley; 
tectonically, sedimentation was controlled mainly by the major N.E. trending 
faults in a manner not seen in other parts of the Midland Valley (Goodlet, 
1960; MacLean, 1966; Mykura, 1967). 
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In conclusion, a tentative model for the magmatic and tectonic 
evolution of Ayrshire in the Silesian, elaborating on Mykura's (1967) 
scheme, is given below. 
Extrusion of -normative lavas at C. 300 m.y. in North and 
Central Ayrshire, following a period of uplift atthe end of Upper 
Limestone Group times. Activity occurring in Passage Group times 
and possibly early Coal Measures times. 
Intrusion of group 3 dolerite sills south of the Kerse Loch 
Fault in an area of marked subsidence and sedimentation, in Lower 
Coal Measures times. 
Further subsidence in later Coal Measures times along the N.E. 
faults, with the intrusion of the teschenites of group 2, perhaps 
limited to the south of the Kerse Loch Fault. 
Period of uplift and non-deposition, accompanied or followed by 
the formation of the N.W. faults. 
Extrusion of the Mauchline lavas and emplacement of the monchiquite 
dykes and kylitic sills, at 280 ± 5 m.y. in early Permian times. Some 
kylites may have been intruded before the period of N.W. faulting ended. 
Chemically, there is the possibility that silica-undersaturated 





A 	 HS 	 AYR 
-- 
_HS5I 	 • 
\ 	 ' $It ____________ & 12 HS 5O 
 H 10 
+ + 4 7. 	 + +4+ 	++ 4+ ++ + - + + 	4 1W 
• 












___ PASSAGE GROUP LAVAS J01  INTRUSIONS ---- FAULTS 
Ni PERMIAN LAVAS 	Fol VENTS (MAINLY- PERMIAN) 
FIG. 6.1 Outcrop of lavas and intrusions in North and Central 
Ayrshire and location of dated samples 








FIG. 6.2 Histogram of dates from Passage Group Lavas. 
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TABLE 6.1 
K-Ar Data from the Passage Group Lavas, N. Ayrshire 
Sample Description Size Fraction K Argon °' Rad 	
4 0 A Age m.y. Mean Age Run No. Radiogenic 
x105scclgm M.Y. 
- 3.35 + 	1.4mm 0.799 . 	738 71.8 1.053 304 ± 5 300 + 7 938 84.8 1.019 295 ± 5 - 
HSI1 W.R. 11 
baa salt 
-1.4 + 0.5m 0.825 769 77.5 	. 1.036 291 + 5 288 7 942 84.2 1.013 285 t 5. 
+ - 
-0.5 + 0.18mm 0.809 768 79.2 1.012 290 ± 5 291 + - 7 914 1 82.6 1.019 292 + 5 
- 3.35 + 	1.14mm 0.885 78.7 1.113 291 ± 291i + 7 W R. basalt 932 78.8 1.132 296 ± 5 - I-IS12 . 
-1.4 + 0.5m 0.897 775 86.4 1.111 287 ± 5 287 ± 7 
-0.5 + 0.18mm 0.851 858 86.8 1.100 299 ± 5 299 ± 7 
W.R. basalt - 3.35 + 	1.4mm 0.878 710 59.4 1.130 .297 ± 5 297 + 7 HSI3 
POWDER 0.878 7714 71.0 1.124 	. 296 t 5 296 
-
± 7 
HS5O W.R. basalt -0.5 + 0.l8mm 0.795 1053 81.5 0.907 266+ - 14 266 + - 7 
HS51 W.R. basalt 









K-Ar Data from Central Avrshire Lavas and Intrusions 
Sample Description Size Fraction K 
Argon % L+0 Rad 	Ar Age M.Y. Mean Age 




H536 W.R. 	basalt -500 -i- 	l8Oum 1.378 
1002 85.8 1.615 273 + 5 272 + 7 III 1051 87.1 1.605 271 + If - 
HS36 
W.R. 	basalt 




-500 + 1800m 1.172 1009 89.4 1.255 250 ± i 250 + 7 
H5136 
W.R. 	basalt 
-500 + 180 gm 0.676 
1285 81.8 0.793 273 ± 6 275 + 9 
1305 80.0 	. 0.80 1+ 276 ± 6 - 
HSI141 
W.R. 	basalt 
-500 + 180jm 1.169 1289 88.1 1.255 251 ± 5 251 ± 7 
Group 	I 	Intrusions 
HS2L+ 
W.R. 	basalt 
- 3.35 + 	1.4mm. 0.785 
860 93.9 0.761+ 229 ± 1+ 227 + 6 II 1199 87.3 0.71+7 221+ ± 1 
H 
TABLE. 6.2 (continued) 
Argon 	 Rad 
1+0 
Ar 
Sample 	Description 	Size Fraction 	0/0 K Run No.. 	Radiogenic l 5 	
Age M.Y.
.y. Mean Age 
xlO scc/gm 	 .y. 
GrouD 1 Intrusions 
W.R. 	basalt 
862 95.9 1.726 261 ± 1 
HS31 - 3.35 + l.1+m 1.51+1 885 92.8 1.551+ 237 + 1 21+1 + 6 II . 1201 92.2 1.611+ 245 - ± 4 - 
I-IS140 Biotite -175 + 106jm 6.170 1287 95.5 7.33 276 + 6 276 ± 8 
Carskeoch Intrusions 
HS25 W.R. 	mudst. - 3.35 + 1.1+mm 3.01+ 888 90.56 2.94 228 ± 1+ 228 ± 6 
HS27 W.R. 	basalt -3. 35 + l .1+mm 1. 100 
861 91+. 1+ 1.351+ 285 ± 5 
11 1200 85.9 1.034 222 ± 1+ 
Amphibole -200
. 	










5 285 ± 7 HS28  
Biotite -200 + 180p m k.97 
828 97.7 5.86 27+ ± 1+ 276 ± 7 8+7 97.5 5.95 278 ± 








6 282 + 9 ± 
H 
'0 
TABLE 6.2 (continued) 
Sample Description Size Fraction K 
Argon % 1 10 Rad 	Ar Age M.Y. Mean Age Run No. Radioqenic xl05scc/grn M.Y. 
Group 2 Intrusions 









291 	+ - 7 HS22 - 









Amphibole -165 + 106.um 0.995 




1207 57.8 0.229 56.6+ - 1.0 - 
Analcime -165 + 106m 1.1451 
1001 90.2 1.02 167 + 3 
1010 16.5 0.191 33 + 2 
HS1142 W.R. 	basalt V -500 + 180m 0.228 1290 69.5 0.2143 2149 ± 6 249 ± 8 
Group 3 Intrusions 









5 297 ± 7 
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CHAPTER 7 
THE LATE CARBONIFEROUS AND EARLY PERMIAN INTRUSIONS 
OF THE MIDLAND VALLEY 
7.1 	The Quartz-Dolerites 
7.1.1 Geology 
Little need be added to the description of the quartz-dolerite 
suite in Chapter 2. The sills form a. single large complex in the 
sedimentary basin of the East and Central Midland Valley; the tholeiitic 
dykes, some of which acted as feeders for the sills.;extend into the 
Highlands (Fig. 7.1). No lavas are known to be associated with this 
episode and only one vent, at Lundin Links in East Fife (Forsyth .& 
Chisholm, 1977), has intrusions with affinities with the quartz.-dolerite 
suite. 
The age of the quartz-dolerites appears well defined: the dykes 
cut did-Westphalian sediments (Middle Coal Measures), while the quartz-
dolerite sills are pierced by necks and intrusions in East Fife and in 
the Lomond Hills, which have been dated as Stephanian or Permian (Fitch 
et al., 1970; Forsyth & Chisholm, 1977). Hence, a Stephanian age for 
the quartz-dolerites is most probable. Dates of around 295 m.y. obtained 
by Fitch et al. (1970) on the Midland Valley quartz-dolerites have been 
interpreted as Stephanian by them. However, in view of the differences 
between some of the dates obtained in this study on other lavas and 
intrusions and those obtained by Fitch et al. (1970), it was felt that 
further dates on the quartz-dolerites were needed. 
7.1.2 Dating 
The main problem in dating the quartz-dolerite sills by the 
whole-rock method is that they are usually altered. This alteration may 
be deuteric as the intrusions were probably emplaced in young, relatively 
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wet sediments (Francis, 1967). Alteration by subsequent igneous events 
also needs to be taken into account: in Fife, the feldspars in some 
sills have been replaced by analcime, probably during the intrusion of 
nearby alkaline sills (Walker & Irving, 1928); in the Lomond Hills the 
quartz-dolerites have had their ages reset by the later olivine dolerite 
intrusions (Fitch et al., 1970). Another problem with whole-rock dating 
of the quartz-dolerite sills is the possibility that feldspars in the 
micröpegmatitic groundmass have unmixed. Whole-rock dating of the - 
fresher tholeiitic dykes also has pitfalls: the glassy mesotasis in 
these rocks has usually devitrified and certainly lost argon in the process. 
Several samples from the quartz-dolerite sills were collected, 
all of which proved to be altered. To circumvent the above problems, 
mineral separates were used for dating. The quartz-dolerites are lacking 
in minerals with high potassium contents and good argon retention 
properties, but the use of plagioclase and pyroxene separates for the 
dating of dolerites has proved successful (e.g. McDougall & Rffegg, 1966). 
Samples from three sills were selected: Ratho (HS62) and 
N. Queensferry (HS98), near Edinburgh, and Cambusbarron (HS101), near 
Stirling (Fig. 7.1). The first two were more altered, with only the 
pyroxene fresh. Clinopyroxene was separated from all three samples and 
plagioclase from the N. Queensferry and Cambusbarron samples.. A large 
sample of the hornblende-bearing granophyre veins in the N. Queensferry 
sill was crushed to separate the hornblende, but no fresh hornblende 
was found. The dates from the minerals were all lower than the previous 
whole-rock age determinations (Table 7.1). Only a single determination 
(KA1158) on aplagioclase from the Cambusbarron sill gave a date, 
284 ± 5 m.y., that was anywhere near a whole-rock date- the 288 m.y. 
date for the East Lothian Bangley dyke (de Souza, 1974). The repeat 
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determination, however, was lower. The plagioclase from this rock was 
much fresher than that from the N. Queensferry sill, which had a lower 
age of 267 ± 7 m.y., indicating that the alteration in these rocks need 
not have been entirely deuteric. 
The Kinkell dyke (11 km north of Glasgow) is one of the freshest 
tholeiitic dykes in the Midland Valley and a detailed mineralogical 
and chemical description of it has been given by Walker et al. (1952), 
who were particularly interested in the fresh glass in this rock. A 
sample (HS110) was collected from the southern part of the dyke, which 
is fresher, but the glass was slightly altered in section. Plagioc1se, 
pyroxene and clear, brown glass were separated and analysed. The dates 
obtained (Table 7.1) are not in agreement with the expected geological 
age. The plagioclase analyses agree closely with each other but the date 
of 215 ± 8 m.y. is low, even though the plagioclase was very fresh. 
Radiogenic argon loss must have occurred as it is unlikely that there 
was a tholeiitic period of intrusion in the Triassic. The high date 
obtained on the clinopyroxene fraction implies the occurrence of excess 
radiogenic argon in the mineral. Although the K content of the Kinkell 
pyroxene fraction is higher than that - measured in clinopyroxene fractions 
from the quartz-dolerite sills, it agrees well with that measured by 
Walker et al. (1952) on augite from the same rock; the possibility of 
glass particles adhering to the clinopyroxene, giving rise to an apparent 
excessof argon, may thus be ruled out. Instead, the excess argon present 
may be attributed to 40Ar being incorporated at the time of crystallization, 
or possibly argon that has diffused in from the less retentive glass. 
The dates from the glass fraction are even lower than those from the 
plagioclase fraction and are not unexpected; they demonstrate the 
unreliability of glass as an argon retainer. Argon has obviously been 
lost during hydration and/or devitrification; the amount of argon lost 
appears to be variable. 
7.1.3 Discussion 
The aim in dating different minerals from the quartz-dolerite 
sills was also to use them in isochron diagrams so that the age. of the 
quartz-dolerites could be interpreted in a more objective fashion. 
In Fig. 7.2 the data from the quartz-dolerite sills has been plotted on 
an isotope ratio diagram. The points are rather scattered but an age 
of 278 ± 14 in.y. (M.S.W.D. = 1.53) is obtained, with an intercept of 
220 ± 20, significantly different from that of normal atmospheric 
argon. Data from two duplicate pyroxene analyses (HS62 - KA 1057 and 
HS98 - KA 1228) were not included in the regression analysis because of 
their high atmospheric contamination but are shown in Fig. 7.2. It is 
probable that the altered plagioclase samples from the Queensferry sill 
(HS98) have lost argon and inclusion of them on the isotope ratio would 
result in a lower isochron age. Regression of the remaining data from 
the three pyroxene samples and the plagioclase from the Cambusbarron 
sill (HS101) does give a slightly higher isochron age of 289 ± 22 m.y. 
and a 	Ar/ 6Ar intercept at 209 ± 24 m.y. (M.S.W.D. = 0.93). However, 
the uncertainty in the age is increased and it is not significantly 
different from the former isochron age. 
A regression analysis of the 40Arrad  v 40K data from these sills 
shows that the data is too scattered for a statistically meaningful 
isochron, although the 'best-fit.' line has a significant negative intercept 
on the 40Ar rad axis. 
The low initial 
40 
 Ar/36  Ar ratios obtained, which are crucially 
dependent on the position of the pyroxene points, imply that the quartz-
dolerite sills contain small amounts of initial argon. Small losses of 
radiogenic argon of equal magnitude from the pyroxenes and feldspars 
could bring about a similar result (see Ch. 3). But this is not supported 
bythe 40 rad 40 Ar 	v K regression and the pyroxenes appear unaltered. 
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The magnitude of this 	deficiency', caused by a low initial ratio, 
is of the order of 10 ' to lO sec/gm 40 A which is unlikely to have 
an appreciable effecton whole-rock -ages from the quart z-dolerites. 
Data from the Kinkell tholeiite minerals does not plot near 
the isochron, possibly reflecting different causes of the anomalous 
dates from these minerals. The low dates from the fresh Kinkell plagioclase 
(HS110) could be explained by the presence of initial argon with a low 
4OAr/36Ar ratio, but this hardly tallies with the presence of excess. 
argon (high initial ratio) in the pyroxene. 
There is not enough data at present to be definite as to whether 
the low Ar/ Ar intercepts from the quartz-dolerites are caused by the 
presence of initial argon with a lower than atmosphric 40Ar/36Ar ratio 
or by argon loss of similar magnitude from the minerals. The latter 
is preferred at the moment as it is difficult to envisage the mechanism 
by which the low initial ratio argon has been introduced. 
7.1.4 Age of the quartz-dolerites 
The isochron age of 289 ± 22 m.y. is in agreement with the 
288 ± 7 m.y. date for the E. Lothian Bangley dyke (de Souza, 1974) and 
the 295 ± 5 m.y. age for the Midland Valley quartz-dolerites proposed 
by Fitch et al. (1970), but does not resolve the age of the quartz -dole rites 
in relation to the late Carboniferous intrusive activity. Mention 
should. be made of the Rb-Sr biotite dates of 294 ± 4 and 278 ± 7 m.y. 
obtained by Patchett (unpublished data) for two Barra quartz-dolerite 
dykes. The analytical data for the second date was poor and it is not 
cons iderd reliable. 
The quartz-dolerite -sills and tholeiitic dykes of the Midland 
Valley and the Highlands are younger than the Namurian-Westphalian 
Passage Group lavas (minimum age of 300 m.y.) and are at least post-
Westphalian C. They are also older than the 280-290 m.y. E. Fife necks 
and the c. 270 m.y. Highland laniprophyres (see below). An estimate of 
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290-295 m-y. for the age of this event is in agreement with the above 
and with the isotopic evidence presented here and elsewhere. 
7.2 	The alkaline dolerites of Glasgow and North Ayrshire 
The alkaline dolerites of Glasgow and North Ayrshire are as 
diverse rnineralogically as the Central Ayrshire sills. A similar range 
of rock types occurs and all of these sills have their counterparts in 
Central Ayrshire. For this reason, and because some of them cut Coal 
Measures, they have been assigned a Permo-Carboniferous age and are 
assumed to be contemporaneous with the Central Ayrshire sills (Tyrrell, 
1912, 1923; MacGregor, 1948). The dating of each sill is described 
separately below. 
7.2.1 The Glasgow sills 
The Lennoxtown essexite is intruded into the C.S.M. lavas of the 
Campsie Fells in the vicinity of the Campsie i?ault. Its relationship 
with the fault is not known. It consists of a lower porphyritic boss-like 
mass and an upper non-porphyritic inclined sheet. MacGregor et al. 
(1925) think that it could be of C.S.M. age, but as it closely resembles 
the kylitic rocks of Central Ayshire, especially the Carciout vent 
essexite (Tyrrell, 1912), it is more likely to be of Permo-Carboniferous 
age. Biotite was separated from a sample (HS109) from the upper inclined 
sheet, which is richer in this mineral. The date of 270 ± 7 m.y. 
(Table 7.2) confirms the 'suggestion that it is of Permian age like the 
Ayrshire kylitic essexites. 
The Milngavie dolerites are intruded into C.S.M. and Lower. Limestone 
Group sediments to the north of Glasgow. They are highly altered, olivine-
free dolerites that contain minute amounts of quartz and were classed 
as members of the quaiz-dolerite suite by Tyrrell (1909). However, the 
purplish augites and lack of micropegmatite clearly distinguish them from 
the quartz-dolerites (MacGregor et al., 1925; Walker, 1965) and they 
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are probably unusual members of the Glasgow teschenitic suite. The date 
of 247 ± 7 m.y. obtained on an altered sample from the Craigmaddie sill 
(HS146a) does not resolve this problem, as the rock has clearly lost 
argon. 
Three samples were dated from the series of teschenite and olivine-
dolerite sills in the Glasgow-Paisley area. Those in the Glasgow area 
are cut byN.W. faults.. The Necropolis teschenite sill (HS144) in the 
centre of Glasgow, is intruded into the Passage Group-Coal Measures strata 
and is similar to the Lugar teschenite (Tyrrell, 1912). Biotite separated 
from a sample from this sill gave a date of 273 ± 9 r.y. The Cathcart 
(Glasgow) sills are thin, elongate intrusions in the Limestone Coal 
Group which are allied to the Lennoxtown essexite (MacGregor et al., 1925). 
A date of 270 ± 8 m.y. was obtained on biotite separated from a sample 
(HS145) collected from a quarry near Cathcart Castle. 
The Paisley teschenitic olivine-dolerites are greatly decomposed 
sills, intruded into C.S.M. and Lower Limestone Group sediments; they are 
cut by E.-W. trending faults. The Barshaw bekinkinite (a teschenitic 
rock) is thought to be part of a persistent intrusion to the east of 
Paisley which appears at the base of the Lower Limestone Group (Tyrrell, 
1915; MacGregor et al., 1925). Small sills to the N.N.E. of Paisley 
and across the Clyde probably belong to this mass. These sills are 
similar petrographically, to the essexites of Ayrshire (Tyrrell, 1915). 
A date of 270 ± 9 m.y. was obtained on a separate of kaersutitic 
amphibole (HS143) from the bekinkinite. These -sills are therefore younger 
than the quartz-dolerites and the E.-W. faults and their ages imply 
that some movement took place along these faults in early Permian times. 
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7.2.2 The North Ayrshire sills 
The North Ayrshire alkaline dolerite sills are separated from those 
of the Glasgow area by a wide belt of C.S.M. volcanics. They provide 
a link between the Glasgow sills and those of Central Ayrshire and 
contain a similar range of rock types as the latter area (Tyrrell, 1912). 
The teschenite-camptonite-picrite suite of sills in North 
Ayrshire have their counterparts in the Glasgow area in Central Ayrshire 
(Group ha sills) and alsoin the East of Scotland (Richey et al., 1930). 
As several of them cut Coal Measures, they are thought to be Permo-
Carboniferous in age. Three members of this suite have been dated. 
The Saltcoats-Ardrossan teschenite-picrite sill cuts the Coal Measures 
and must be of post-Coal Measures age; it is very similar to the Lugar 
and Cathcart sills (Tyrrell, 1912). Hornblende separated from a sample 
(HS113) of the teschenite-picrite banded sill at Castle Craigs (a faulted 
continuation of the Saltcoats sill) gave a date of 272 ± 7 m.y. 
An important teschenitic sill outcrops north of Galston at the 
eastern end of the belt of teschenite sills in N. Ayrshire. It has been 
displaced by the N.W.-trending faults but appears to cut a Permian 
vent (Tyrrell, 1912; Richey et al., 1930). A sample (HSlO) from an 
outcrop in the Polbaith Gorge (N.N.W. of Galston) near the vent, gave 
a date of 257 ± 7 m.y. (Table 7.2). Because of the very altered nature 
of the sample, this date must be interpreted as a minimum age. However, 
a post-Carboniferous age for this sill is most probably correct in view 
of its relationship with the Permian vent. This would imply that 
movements along north-easterly faults continued in post-Carboniferous 
times, a conclusion also arrived at by Mykura (1967) in Central Ayrshire. 
A sample collected from below the Craigie intrusion (see below) 
was thought to be from the hornblende-camptonite body at the base of this 
sill. However, thin section examination showed it to be a typical member 
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of the teschenite suite and the sample is probably from a large glacial 
erratic, possibly derived from the biotite teschenites outcropping close 
to the Inchgotrick fault nearby. A date of 276 ± 7 m.y. was obtained 
on biotite separated from this sample (HS123) and confirms that it 
belongs to the Permo-Carboniferous teschenitic suite. 
Most of the other alkaline sills of N. Ayrshire can be divided 
into the petrographic groups used in Central Ayrshire and it may be 
confidently assumed that the ages assigned to these groups in Chapter 6 
are also valid for N. Ayrshire. Thus, the olivine-analcime dolerite 
sills, at Troon for example, are probably extensions of the Mauchline-
Prestwick sill complex, and are of Tertiary age, while the massive 
essexite sills of the Dundonald Hills (including the' Hillhouse Quarry 
sills)N.W. of Troon, belong to the Permian volcanic episode at about 
280 m.y. Some small sills, petrographically similar to the Passage 
Group lavas, are probably of this age (Richey et al., 1930). 
Of particular interest in this connection, is the large intrusion 
at Craigie, south of Kilmarnock. The sill cuts Passage Group lavas and 
is believed to be only slightly later than the lavas because of its 
resemblance to them. However, Tyrrell (1923) regarded the intrusion 
as being of Permian age. Associated with the Craigie sill are some 
small, gently inclined sheets which are either the chilled edges of the 
sill or later intrusions cutting it; these fine-grained, glassy olivine-
basalts resemble some of the Permian monchiquite and olivine basalt dykes 
in Central Ayrshire (Richey et al., 1930). In addition, there is a 
hornblende-camptonite intrusion at the base of the Craigie sill, which 
was not located in this study. A date of 286 ± 7 m.y. was obtained on 
a fresh medium-grained dolerite sample (HS121) from Craigiehill Quarry 
in the middle of the intrusion; the dates measured on a sample (HS122) 
from one of the basaltic sheets near Craigie village indicate extensive 
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argon loss from the glassy base. The date from the dolerite suggests 
that it is of late Carboniferous or early Permian age and associated 
with the volcanicity of that period. However, a late Passage Group! 
early Coal Measures age cannot be ruled out on the basis of a single 
analysis, for, despite its freshness, the sample could have lost a 
small amount of argon. Chemical analysis of the intrusion might help 
to decide its age. 
7.2.3 The Permo-Carboniferous lamprophyres of the Highlands 
Narrow dykes of camptonite and monchiquite are found in the 
Western Highlands and Islands with predominantly north-westerly-trends 
(e.g. Richey, 1939; Gallagher, 1963). They are similar to the Ayrshire 
monchiquites petrographically and some are associated with vents as 
in Ayrshire (MacGregor, 1948). Because of this they have always been 
assumed to be of Permo-Carboniferous age. They are certainly earlier 
than the N.W. trending Tertiary dykes, but later than the. Highland 
quartz-dolerite suite against which they chill in some areas (e.g. 
Ardnamurchan, Richey, 1939). Recent dating (e.g. Miller & Brown, 1965; 
Beckinsale & Obradovich, 1973) has supported a Permian age for the 
dykes. 
One of these dykes was dated in this study: the Kilchattan 
ouachatite (or biotite-monchiquite) dyke on Colonsay, dated as post-
Carboniferous by Urry & Holmes (1941) by the U-He method. A detailed 
petrographic description of it is given in that paper. The dyke contains 
a number of xenoliths and also large xenocrysts-of brown amphibole, 
biotite and augite; the latter are probably of cognate origin. The 
amphibole and biotite (HS156) were separated and analysed, giving dates 
of 266 ± 7 m.y. and 283 ± 8 m.y. respectively (Table 7.2). The amphibole 
date is in agreement with the Permian dates obtained by Beckinsale & 
Obradovich (1973) on amphiboles from a Mull monchiquite. . The higher 
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biotite date is puzzling, and would imply contemporaneity with the 
Ayrshire monchiquites at c. 280 m.y. However, this date may be anomalous 
in that excess argon can occur in coarse-grained biotite. Zartmann 
et al. (1976) have found that coarse-grained (>2 cm) biotite xenocrysts 
occurring in kimberlitic rocks contained large amounts of excess 
40Ar, whereas fine-grained biotites did not. This excess argon in 
coarse-grained biotite is apparently introduced during crystallization 
at depth under a high partial-pressure of 40Ar. 	 -- 
The amphibole dates from the monchiquites in Mull and Colonsay 
indicate that they were intruded at about the same time as the teschenites 
in the Glasgow and North Ayrshire regions in the lower Permian. The 
mean of the Colonsay biotite and amphibole dates would also support 
this conclusion. 
7.2.4 The age of the Permo-Carboniferous alkaline intrusions 
The magmatism at around 270 m.y. in W. Scotland appears to be 
an important intrusive event which has left no trace in the stratigraphic 
record; it is mid-Lower Permian in age. The mean of the mineral ages 
from the alkaline dolerite sills, 272 ±5 m.y. (mean of 6) is 
significantly different at the 95% confidence level using the statistical 
t-test from the mean age of minerals from the Carskeoch complex and 
one essexite (280 ± 9 m.y.., mean of 4) on which basis the age of the 
Mauchline lavas was assumed. This should not be taken to imply that 
the two episodes are unconnected, simply that the teschenites of Glasgow 
and Not}Ayrshire and the lamprophyres of the Highlands are later 
than the volcanicity in the Mauchline area. The lack of chemical 
analyses makes it difficult to speculate on the inter-relationship of 
the early Permian volcanicity. The concentration of ages at c. 270 m.y. 
probably represents a renewed outburst of volcanism in a cycle of 
undersaturated magmatism that carried on sporadically after the Mauchline 
volcanic episode. 
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As noted above, the teschenite sills are cut by E.-W., N.W.-S.E. 
and N.E.-S.W. trending faults indicating that some movement along these 
faults took place in post mid-Lower Permian times. The relationship 
of the sills to the post-Carboniferous folding is not clear, but some 
sills in the Glasgow area appear to have been folded, implying that 
the folding is post 270 m.y. in age. 
The distribution of the lamprophyre dykes and teschenite sills 
is similar to that of the quartz-dolerite suite: the dykes generally 
occur in the crystalline or compacted rocks of the Highlands, whereas 
the sills are intruded into softer and younger sediments. 
7.3 	The East Fife Intrusions 
7.3.1 Geology and dating 
Not a great deal of work was carried out on the intrusions of 
East Fife because of dating done by the I.G.S. (Forsyth & Chisholm, 
1977) and Macntyre & Chapman (in preparation). A full description 
of the East Fife necks has been given by Francis & Hopgood (1970) 
and Forsyth & Chisholm (1977). The latter have obtained evidence on 
the ages of the neck intrusions from four sources: cross-cutting 
relationships, identification of blocks in the neck agglomerates, 
distribution of bedded tuffs within the sedimentary sequence and isotopic 
dating. These, especially the last, suggest that the necks are 
predominantly Stephanian in age, although they do not rule out the 
possibility that the whole-rock samples have lost argon and are related 
to the known Namurian and early Westphalian volcanism in this area. 
In any case, not all the necks are thought to belong to the Stephanian 
phase of volcanism, but none of the supposed earlier necks could be 
dated because they lacked suitable intrusions (see Forsyth & Chisholm, 
p.179-180). It appears that all those necks containing basanite 
intrusions belong to the same episode of volcanism in the Stephanian. 
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Three rocks were dated from the East Fife intrusions (Table 7.3). 
The Kincraig intrusion (HS65) is a irery fresh glassy olivine basalt 
intrusion in the largest of the coastal volcanic centres in East Fife 
(see Forsyth & Chisholm, 1977, p.186, for a detailed description of 
the neck); at present levels of erosion the neck cuts sediments of 
early Namurian age. The date measured, 114 ± 3 m.y., indicates 
extensive argon loss, very probably from the glassy groundniass. 
The Fires Craig intrusion-(I-1S6.6) is also a very fresh, fine-
grained olivine basalt with a clear glassy base. The intrusion occurs 
in the Rires neck, one of the largest inland necks, over 2 km in 
diameter. The date of 281 ± 7 m.y. for this sample is in good agreement 
with the dates of neck intrusions quoted by Forsyth !& Chisholm (1977). 
The behaviour of this sample in retaining all or most of its radiogenic 
argon is in marked contrast to that from the Kincraig intrusion, 
although the proportion of glass in this rock (HS66) is less than that 
in the other (HS65). Many of the rocks dated by the I.G.S. from the 
neck intrusions are also glassy, which is reflected in the spread of 
ages down to 239 ± 6 m.y. Thus, even though several Stephanian ages 
are obtained, it is by no means certain that they are Stephanian 
because of the unpredictable argon retention properties of the basaltic 
glass in them. However, the fact that several ages fall between 
280 and 290 m.y. may be sufficient evidence for a Stephanian age. 
The third sample dated came from a quarry at Blindwells, S.W. 
of Largo Law. The basalt here has been described as a lava of Passage 
Group age erupted from the Largo volcano, which can be traced southward 
for 800 in (Forsyth & Chisholm, 1977). Two samples from this lava, 
from Blindswell and a quarry further south, dated by the I.G.S., gave 
dates of 267 ± 9 m.y. and 292 ± 6 m.y. respectively. The sample (HS68) 
dated in this study, a fresh olivine-phyric basalt gave a date of 
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275 ± 7 m.y. which agrees with the I.G.S. date at the 95% confidence 
level. If the rock is of Passage Group age then this date must be a 
minimum age. However, the field and petrographic evidence for this 
rock being a lava is not convincing and its freshness is in contrast 
to most Carboniferous lavas. There is a small amount of interstitial 
altered glass in the rock and argon loss must have occurred. But the 
preferred interpretation of the dates from the Blind -wells quarry rock 
is that they are minimum ages of an intrusion of about the same age 
as the Fife neck intrusions, i.e. Stephanian. There is no chemical 
analysis available and this interpretation is tentative. (see below). 
The date for the sample from the quarry further south (292 ± 6 m.y.) 
is accepted as a minimum age of a Passage Group lava .as interpreted 
by Forsyth & Chisholm (1977). 
No dating was carried out on the olivine-dolerite sill complex 
(see Chapter 6) which has already been dated by the I.G.S. They 
consider that the best minimum estimate for the age of this complex 
is 304 ± 12 m.y. 
7.3.2 Age of the East Fife intrusions 
The intrusive events in East Fife appear to spread over a 
period of 30 m.y. - from 280-310 m.y. Resolving the individual 
events by K-Ar dating without a stratigraphic time-scale for reference 
is difficult because of the problems of argon loss and because the 
precision of the method is not high enough at present. Combining the 
geological and isotopic evidence the proposed sequence of events here 
is the same as that given by Forsyth & Chisholm (1977) namely: the 
intrusion of the various members of the olivine-dolerite sill complex 
between 295-310 m.y. (or even earlier, cf. the Edinburgh sills); 
intrusion of the quartz-dolerite sills and dykes, 290-295 m.y. 
(section 7.1); emplacement of the neck intrusions, 280-290 m. y. 
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There may have been a gap of a few million years in late Westphalian 
times between the intrusion of the olivine-dolerites and the quartz-
dolerites as indicated by the lack of post-Middle Coal Measures volcanism 
in the stratigraphic record. 
Turning now to the chemical evolution of the intrusions in East 
Fife, Fig. 7.3 shows their degree of silica-saturation plotted against 
differentiation index (DI). The olivine-dolerite sills are generally 
transitional or alkali basalt in composition, distinct from the 
predominantlyi basanitic neck intrusions (analyses of bombs and blocks 
in the neck aggolomerates also included, Chapman, 1976). There appears 
to be no connection between these two groups of intrusions as a progressive 
increase in the degree of silica-undersaturation with time can probably 
be ruled out because of the intrusion, in between, of the a-normative 
tholelites. It could be that the bas.anitic neck intruionsrepresent 
a waning phase of the tholeiitic episode, and this seems quite feasible, 
given the sequence of events. In most of their chemical parameters, 
the three groups of intrusions appear distinct but their TiO
2 
 contents 
show an interesting distribution (Fig. 7.4): the quartz-dolerites have 
high Ti02 contents, higher than. average continental tholeiites 
(Carmichael et al., 1974) and the East Fife olivine-dolerites, but 
similar to the neck intrusions. The relationship between the quartz-
dolerites and the neck intrusions cannot be gauged from a single 
chemical parameter, and may only be ascertained by a detailed survey 
of their chemistry, together with that of the olivine-dolerites. However, 
it could be speculated that the two groups have been derived from the 
same source region in the mantle - 70 to 100 km in the case of the neck 
intrusions (Chapman, 1976) - but by different degrees of melting and 
with different subsequent high-pressure fractionation histories. In 
this case one might expect to find rocks transitional between the two 
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groups, similar to the olivine-.-dolerites in parameters such as 
degree of silica-saturation, but with higher Ti0 2 contents, for example. 
One such candidate could be the analcime basanite of Cassindonald 
(distinguished by a cross in Figs. 7.3 and 7.4) which has been dated 
at 283 m-y. (Forsyth & Chisholm, 1977, p.137). 
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TABLE 7.1 
K-Ar Data from the Quartz-Dolerite Sills and Dykes 
Sample Description Size Fraction K 
Argon ° 40 Rad 	Ar 
Age M.Y. 
Mean Age 
Run No. Radiogenic 
x105scc/gm 
M.Y. 
HS62 Pyroxene -180 + lO6Akm 0.0391 1057. 1116 




215 + 11 
37.9 0.037 ± - 
Feldspar -180 + lO6jAm 0.568 1193 
74.9 0.644 26' ± ' 
6 267 + 7 129 76. 1 0.659 270 ± - 
HS98 
Pyroxene -180 + 106ym 0.0409 1195 43.6 0.03 245 + 5 
1228 5.0 0.027 156 + 33 












6 277 + - 8 
HS1O] - 
Pyroxene -180 + 106m 0.0468 1160 47.7 0.048 241 ± 5 241 	± 7 
Feldspar -180 + 106m 0.363 1303 39.5 
0.328 21 ± 7 215 	- 8 1213 57.2 0.331 215 ± 
HS11O Pyroxene -180 + 106.tm 0.0818 1161 70.3 0.140 385 + 7 





K-Ar Data from Glasgow and N. Ayrshire Teschenitic Sills 
Sample Description Size 	Fraction K Argon Rad 40 A Age M.Y. Mean Age Run No. Radiogenic 
x105scclgm M.Y. 
Glasgow Sills 










14 270 + 7 - 
HS1143 Amphibole -106 + 814j m 1.011 1297 89.8 1.177 271 ± 6 270 + 9 1316 86.8 1.163 268 ± 6 - 
11511414 Biotite - 175 + 106m 6.170 
1298 93.9 7.1 14 269 ± 6 273 + 9 1317 914.5 7.35 277 ± 6 - 
H51 1+5 Biotite - 175 + 106m 6.997 1299 96.1 8.05 268 ± 5 270 + 8 1318 96.2 8.18 272 + 6 - 
HS1146(a) W.R. 	basalt -500 + 180im 1.157 93.5 1.219 2147 ± 5 2147 ± 7 
V - 
N. 	Ayrshire 	Sills 
1-ISlO W.R. 	basalt 
- 3.35 + l.14mm 1.025 753 83.14 1.123 256 ± 5 257 + 7 V 778 88.6 1.1314 258 ± 5 
HS113 Amphibole -165 + 106um 0.8614 11014 95.2 1.032 277 ± 5 272 ± 7 1113 914.9 0.988 267 ± 
H 
TABLE 7.2 (continued) 
Sample Description Size Fraction K 
Argon Rad 40 A 
Age m.y. 
Mean Age 
Run No. Radiogenic 
x10sccIgm m.y. 









- 500 + l80m 0. 60 14 1221 78.3 0.1497 196 + 3 II 1330 58.0 0.261 105 + 3 
HS123 Biotite - 175 + 	106.um 5.818 1208 95.6 6.90 276 + 5 276 ± 7 
Colonsay Quachitite 
Amphibole -500 + 180m 2.096 13014 92.9 2.396 266 + 5 266 ± 7 
HS156 









K-Ar Data from the East 	Fife Intrusions 
Argon ° Rad 	40 A Mean Age 
Description Size 	Fraction K Run No. Radiogenic x105scc!gm 
Age m.y. 
M.Y. 
W.R. 	basalt -500+ l8Oum 0.1+38 
1103 71.5 0.206 114 ± 2 111+ 	+ 	3 I 1197 71.5 0.206 ll ± 2 - 
W.R. 	basalt 
I -500 + 180vm 0.902 1096 96.3 1.093 281 + 5 - 281 	+ 7 - 
W.R. 	basalt 
- 500 + 180)4m 1097 93.9 





THE CARBONIFEROUS TIME-SCALE 
Discussion of the value of particular lava sequences or intrusions 
to the Carboniferous time-scale has been made in the preceding chapters. 
In this chapter the age data from this study is examined and compared 
with that of other workers and used to revise the existing Carboniferous 
time-scale (Fig. 8.1). Most of the previous Carboniferous age data 
has been examined in Chapter 3b. 
8.1 	The Dinantian Time-Scale 
8.1.1 Dinantian boundaries 
The Devonian-Carboniferous boundary can be fixed between the 
362 m.y. K-Ar age of the Upper Devonian Cerbe.rean Cauldron volcanics 
in Victoria, Australia, which overlie fish beds comparable in age with 
the Scottish Upper O.R.S. (McDougall et al., 1966) and the 355±7 m.y. 
age for the early Carboniferous activity in the Borders (de Souza, 1974). 
An age of 360 m.y. for this boundary has been suggested previously 
(e.g. Fitch et al., 1970; Lambert, 1971) and remains the best estimate. 
The 374 m.y. Rb-Sr isochron age (A= 1.42 x 10 0/yr) for the earliest 
Mississippian Fisset Brook Formation in Nova Scotia (Cormier & Kelly, 1974) 
is in general agreement .with this estimate as the error limits are 
rather large (McDougall et al., 1966). 
The age of the Dinantian-Silesian boundary is more difficult 
to fix as the West Lothian lavas spanning this boundary are too altered 
for time-scale work using conventional K-Ar methods. Instead the age 
of this boundary must be fixed indirectly. 	The age of c. 320 m.y. 
obtained for the top of the Clyde Plateau lavas sets an upper limit 
to its age and it is evident that the earlier estimate (Francis & 
Woodland, 1964) of 325 m.y. is no longer correct. An age of 315 ± 5 m.y. 
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was assigned to the West Lothin lavas (see Chapter 6) by taking the 
1.
mean age of teschenites (320 ± 12 m.y.) as a lower limit. It was 
concluded that this age, 315 ± 5 m.y. would also be a good estimate of 
the Dinantian-Silesian boundary. 
The ages of the Macrihanish lavas in the Kintyre Dinantian 
succession may also be used as a guide to the age of this boundary. 
There is reason to believe that these lavas are slightly younger than 
the Clyde Plateau succession, i.e. they are late Dinantian in age. 
The lavas are overlain by sediments which are possibly of Namurian age 
(George et al., 1976). Secondly, the basalts in this succession are 
slightly more silica-undersaturated, in general, than those of the 
Clyde Plateau succession (Macdonald, 1975); if it is 'accepted that the 
Dinantian basic lavas, at least, became increasingly undersaturated 
with time, then the Macrihanish lavas might be late Dinantian in age. 
Thus, the 314 ± 10 m.y. age obtained for these basalts, although a 
minimum age, can be used as further evidence for the 315 m.y. estimate 
of the Dinantian-Silesian boundary. 
The third way of obtaining the age of this boundary is to use 
maximum sedimentary thicknesses between two dated horizons to interpolate 
the ages of horizons in that interval. This is a classic method of 
obtaining a time-scale, much used before the advent of radiometric 
dating (Wager, 1964). In this method, the maximum sedimentary thicknesses 
for a known interval of time are accumulated;. ages of individual points 
in this interval are then based on the relative proportion of the maximum 
cumulative thickness of sediments at each point. There are numerous 
weaknesses in this method; for example, the number of hiatuses, the 
degree of compaction, the rate of subsidence, will all affect the thickness 
of strata measured in any area and the method has fallen into disuse. 
However, as Wager (1964) points out, it may be useful over short periods 
of geological time, to interpolate between high quality radiometric dates. 
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The horizons chosen are the base of the Brigantian stage, which 
is assumed to be at the top of the Clyde Plateau. lavas, at 320 m.y. and 
the Namurian-Westphalian boundary at c. 300 m.y. obtained from the Passage 
Group lavas - an interval of 20 m.y. The Brigantian stage in Scotland 
includes all sediments between the top of the Clyde Plateau lavas and 
the Dinantian/Silesian boundary. The maximum sedimentary thicknesses 
from Scotland and Britain for this interval and for the Brig antian stage 
are 2,015 in and 515 m and 2,500 m and 550 in respectively, while 
maximum world thicknesses are 12,000 in and 3,000 m respectively. This 
gives a figure of 4- 5 M.Y. for the Brigantian. 
Another way of estimating the length of the Brigantian stage is 
to assume that the rate of accumulation in individual sequences is the 
same as in the preceding stage, the Asbian. Assuming that the Asbian 
was 10 m.y. long (see below), ages of 3-8 m.y. are calculated for the 
length of the Brigantian, from local sequences in Scotland (e.g. for 
E. Fife, W. Lothian). It is remarkable that the various calculations 
above result in the same order of magnitude for the length of the 
Brigantian. The bulk of the evidence above suggests, albeit circumstantially, 
that the age of the Dinantian-Silesian boundary should be at about 315 m.y. 
8.1.2 Sub-divisions of the Dinàñtian 
Having defined the limits of the Dinantian sub-system we can now 
consider the ages of the sub-divisions of the Dinantian. The Tournaisian-
Visean boundary can be interpolated between the 355 m.y- Tournaisian 
Border volcanics and the 340-345 m.y. early Vise-an E. Lothian volcanics. 
The date for this boundary remains at C. 350 m.y. (Fitch et al., 1970; 
de Souza, 1974). The Tournaisian and Visean series have been replaced 
in Britain by the new regional stages (chronostratigraphic divisions) 
of George et al. (1976). The Courceyan-Chadian boundary is slightly above 
the base of the Visean although the latter has not been recognized in 
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Britain. The E. Lothian volcanics are post-Courceyan and hence the 
Courceyan-Chadian boundary must be at about 350 m.y. 
The Chadian, Aundian and Holkerian stages have not been recognized 
in the Midland Valley and the divisions in Fig. 8.1 are purely arbitrary. 
All these stages belong to the Pu miospore zone and until this zone is 
sub-divided in relation to these stages, ages of their boundaries cannot 
be ascertained. It is stated by George et al. (1976) that the E. Lothian 
volcanics are mid-Arundian in age, in which case the Arundian stage would 
be around 345 m.y. However, the author is not aware of the evidence on 
which this statement is based. . 
The base of the Asbian stage coincides with the base of the TC 
miospore zone which is within the Glencarthoim Volcanic Beds in Scotland. 
Beds of Asbian age also overlie the East Lothian and Arthur's Seat 
volcanics. If they follow the latter conformably then the base of the 
Asbian would be about 340 m.y. and the preceding three stages would be 
compressed into a period of 10 m.y. However, the acidic and basic 
intrusive activity in the Borders at c. 330 m-y. was interpreted as 
being associated with the Glencartholm Volcanic Beds and it is proposed 
that the base of the Asbian should be placed at c. 330 M.Y. 
Strata of Brigantian age overlie the Clyde Plateau lavas in 
Renfrewshire and Ayrshire but the base of this stage has not been defined 
in the western Midland Valley. In the eastern Midland Valley the 
Burntisland lavas lie across the Asbian-Brigantian boundary but only 
minimum ages were obtained for these lavas; however, an age of c. 320 m.y. 
was assigned to this formation. Thus an age of 320 m.y. for the base of 
the Brigantian should be considered a minimum age only, but it is 
unlikely to be much older than 320 m.y. The reason for this is that the 
base of the Brigantian it not far below the Raeburn Shale in West Lothian 
which also occurs in the Upper Oil Shale Group succession above the lavas 
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in the Strathaven area. Therefore, it is probable that the top of the 
Clyde Plateau lavas (at c. 320 m.y.) is very near the base of the 
Brigantian. 
The upper part of the Dinantian time-scale given here, differs 
significantly-from that proposed by Fitch et al. (1970) arising from 
the higher ages measured by them for upper Dinantian lavas, the most 
obvious one being the 338 ± 4 m.y. date recorded for a Burntisland lava 
of late Asbian age. Another is the 334 ± 17 m.y. date for the early 
Brigaritian Little Wenlock lava in Shropshire. The reason for the 
differences is not clear but the latter date agrees (within experimental 
error) with a 320 m.y. estimate for the Brigantian base, as does the 
date of 328 ± 6 m.y. for a late Asbian shale in Yorkshire, quoted by 
George et al. (1970, p.77). More difficult to accommodate are the 
.c. 340m.y. Rb-Sr biotite dates 	= 1.42 x 10- yr- 	obtained by 
Bonhomme et al. (1961) for Upper Visean (ID 2 , equivalent to Brigantian) 
tuffs in the Massif Central and used in the original Carboniferous 
Time-Scale of Francis & Woodland (1964), although their reliability was 
questioned (see Harland et al., 1964, item 172). Isochron ages of C. 340 
have since been obtained from these tuffs and are quoted in Roches et al. 
(1971) but no analytical details are given so that it is not possible 
to judge their reliability. Also quoted is a 321 ± 13 m.y. K-Ar biotite 
date from the Malavaux tuff which has a 335 ± 5 Rb-Sr age. The former 
agrees well with the time-scale proposed here and discrepancy between 
the Rb-Sr dates from France and the K-Ar dates from the Midland Valley 
may reflect the uncertainties in the decay constants. 
What is clear, however, is that the large number of dates from the 
Clyde Plateau lavas at c. 320 m.y. require some change in the internal 
boundaries of the Dinantian and justify the increase in length of the 
Dinantian by 10 m.y. to 45 m.y. 
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8.2 	The Silesian Time-Scale 
8.2.1 Silesian boundaries 
The base of the Silesian is set at 315 m.y. as discussed above, 
while the top of this sub-system is below the Mauchline Volcanic Group 
in Scotland. These volcanics are probably very early Permian in age and 
the 280-285 m.y. mineral dates recorded from the Carskeoch vent in Central 
Ayrshire may be used to set a limit on the Silesian-Permian boundary. 
They suggest that an age of 285 m.y. for this boundary is reasonable and 
this is in agreement with all the data used in the original compilation 
even though most of it was thought unreliable (Lambert, 1971). A date 
of 280 ± 5 n.y. determined on a rhyolitic tuff of Autunian I age in 
Central France (Fuchs et al., 1970) is also in accord with the above. 
8.2.2 Sub-divisions of the Silesian 
Ages of the sub-divisions of the Silesian only involve setting 
limits to the age of the Westphalian. The Namurian-Westphalian boundary 
is not recognized in Scotland, but it is reasonable to assume that the 
Passage Group lavas of North Ayrshire lie across this boundary. A minimum 
age of 300 in.y. was proposed for these lavas and for the Namurian-
Westphalian boundary. The Wes tphali an-S tephanian boundary is not found 
in Scotland because of an unconformity at this level. K-Ar ages of 
295 ± 5 m.y. recorded from flows of Stephanian A age in Southern France 
and from the Aveyron (Fuchs et al., 1970; Leutwein, 1970) indicate that 
the Westphalian-Stephanian boundary should be placed at 295 m.y. midway 
between the dates advocated by Francis & Woodland (1964) and Fitch et al. 
(1970). 
With these limits the Westphalian would be only 5 m.y. in length 
- a.remarkably short period of time when it is considered that the equivalent 
of the Westphalian in North America has a composite thickness of 11,000 m 
(Wanless, 1969). This implies extremely high rates of sedimentation 
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(220 cm/1,000 years) compared with calculated average sedimentation rates 
for North America since the Pre-Cambrian (max. 30 cm/1,000 yrs, Kay, 1955), 
but within the range of modern day sedimentation rates (10-250 cm/1,000 yrs, 
Newall, 1972) althogh this does not take into account any hiatuses. 
There are many indications of rapid sedimentation in North America in the 
Silesian (Wanless, 1969) but it does seem necessary to increase the 
length of the Westphalian to above 5 m.y. 
It is difficult to lower the Westphalian-Stephanian boundary by 
much, since there are many K-Ar and Rb-Sr dates of Stephanian rocks in 
the range 285-295 m.y. (e.g. Roques et al., 1971; Bouroz et al., 1972; 
Leutwein, 1972). An age of 295 m.y. for this boundary is also in line 
with the contention of Fitch et al. (1970) that the widespread magmatism 
at c. 295 m.y. is of early Stephanian age. It is not easy either, to 
raise the Namurian-Westphalian boundary much beyond the 303 ± 10 m-y. 
isochron date obtained for the Passage Group lavas, which is thought to 
be close to the age of extrusion of these lavas. If a figure of 303 ± 5 m.y. 
is used for the Namurian-Westphalian boundary the Westphalian could be 
extended to about 8-13 m.y., which seems a more reasonable length. The 
sanidine date of 298 ± 6 m.y. fora Westphalian C tonstein (Damon & 
Teichmuller, 1971), one of the most reliable dates available, is in good 
agreement with the 303 to 295 m.y. period for the Westphalian. Some 
dates do not agree as well: for example the 308 ± 10 m.y. date for the 
Barrow Hill intrusion cutting Westphalian C (Fitch et al., 1970) and the 
315 ± 7 m.y. Rb-Sr date for the Brezouard Granite, the stratigraphic 
definition of the latter being rather weak (see Lambert, 1971). Most 
others in the Harland et al. (1964) compilation agree well, though many 
are minimum ages. 
The effect of reducing the interval from the base of the 
Brigantian to the base of the Westphalian by 5 m.y. or so on the Dinantian- 
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Silesian boundary is not significant as it only increases the latter 
by one or two m.y. 
The proposed Silesian time-scale above, reduces the length of 
this sub-system by about 10 m.y. to 35 m.y. and reverses the length 
of the Dinantian and the Silesian, keeping the overall length of the 
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FIG. 8.1 The revised Carboniferous time-scale. 
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CHAPTER 9 
SCOTTISH CARBONIFEROUS VOLCANISM: A SYNTHESIS 
9.1 	Southern Scotland 
The initial volcanism (marking the start of the Scottish Carboniferous 
magmatic cycle) began in the Border areas with the formation of the 
Birrenswark and Kelso lava piles at c. 355 m.y. in early to mid-Tournaisian 
times (mid Courceyan). This volcanism was associated with the formation 
of the Northumberland Basin (Leeder, 1971, 1974): uplift followed by 
volcanism along the northern flanks of the basin and downwarp along the 
Stublick/90 fathom fault on the southern flanks led to the formation 
of .a half-graben. When volcanism ceased there was relatively rapid 
subsidence and a thick sequence of sediments was deposited in the basin. 
This episode was followed by the eruption of the Kersehopefoot 
basalts in early Visean times (mid-Arundian) possibly at 340 ± 10 m.y. 
The exact age of these lavas is uncertain but they are probably contemporaneous 
with the early Visean activity in the Midland Valley and the Cockermouth 
lavas in Cumbria. 
Following the Kersehopefoot basalts and 30 m higher in the 
succession are the Glencartholm Volcanic Beds at the base of the TC zone. 
Their age is important in resolving the sequence of events in the 
Midland Valley after the early Visean volcanism there. An age of 330 m.y. 
was assigned to the Glencarthoim Volcanic Beds on the basis of an assumed 
correlation between these Beds and basic plugs and acidic intrusions from 
which this age was obtained. This correlation can only be demonstrated 
indirectly and depends on the following: 
1. 	The basic and acidic intrusive magmatism appears to be the latest 
Dinantian event in the Borders, while the Glencarthoim Volcanics are the 
youngest event preserved in the stratigraphic record. 
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The intrusions which are associated with agglomerate vents and 
the basic plugs in particular, cut all formations up to but not including 
the Glencarthoim Volcanic Beds which, themselves, contain volcanic 
material indicative of explosive activity. 
The trachytic fragments in the Glencarthoim Volcanic Beds must 
have been derived from the only Dinantian acidic activity in the Borders, 
which is dated at c. 330 m-y. 
There is one difficulty with this correlation, that is, the 
Glencartholm Volcanic Beds tuffs and lavas are found near Langholm only, 
whereas the basic and acid intrusions are concentrated mainly to the 
northeast, near Kelso. This may be an accident of preservation and also 
the effect of the lack of exposure of Carboniferous sediments in the 
Kelso area. Summing up, the balance of the evidence is in favour of the 
contemporaneity of the basic and acid intrusive volcanism at c. 330 m-y. 
and the formation of the Glencarthoim Volcanic Beds. 
During the period of the extrusion of the Kersehopefoot Basalts 
and the Glencarthoim Volcanic Beds, thick deltaic sandstones were 
deposited. The Holkerian sediments between the two horizons are thin and 
there was probably a period of uplift or perhaps minimal subsidence 
associated with the volcanicity in the area, similar to that accompanying 
the Tournaisian volcanism. The Glencarthoim Volcanic Beds were followed 
by renewed subsidence and major marine transgressions in the Asbian. 
Igneous activity in southern Scotland was on a very minor scale 
in the Silesian. The few dates available indicate that, in addition to the 
Passage Group lavas at Loch Ryan and a few quartz-dolerite dykes associated 
with the Whin Sill, there was a period of intrusive activity between 
300 and 315 m.y. and another event at 270 m.y. in the Permian. Silesian 
tectonics were similar to those of S.W. Ayrshire with uplifts occurring 
in late Namurian and late Westphalian times and afterwards, the formation 
of N.W.-S.E. trending tectonic basins in the early Permian with some volcanism. 
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9.2 	Midland Valley 
9.2.1 Dinantian 
Tournaisian. It is not known with certainty if there was. Tournaisian 
volcanism in the Midland Valley, although the Craiglockhart lavas could 
be of this age. However, there is no clear evidence on their age and 
they could belong to the same early Visean episode as the Arthur's Seat 
Volcanics. There is no evidence of Tournaisian volcanism in the Western 
Midland Valley where the basal lavas give younger ages, although they 
overlie Tournaisian Ballagan cementstones conformably. If there was any 
volcanism it probably was on a minor scale. 
Visean. Major volcanism in the Midland Valley began in the early 
Visean with the eruption of the East Lothian Garleton Hills lavas and 
the Arthur's Seat Volcanic Group at C. 345 m.y. Volcanism at this time was 
probably widespread. The lavas found in various boreholes in the Lothians 
are later than the Arthur's Seat Volcanic Group as they occur in the 
TC miospore zone (Neves et al., 1972). Sediments older than this have not 
been encountered and it is possible that early Visean lavas connecting the 
East Lothian and Arthur's Seat lavas are present below sediments of 
Old Red Sandstone facies found in the Midlothian No. 1 Bore. 
The belt of lavas on the fringe of the Oil Shale field extends 
southwest from Edinburgh to Carnwath and round to Strathaven. There is 
no evidence, radiometric or palaeotological, that they are early Visean 
in age apart from the 330 m.y. minimum date for the lava in the outlier 
near Strathaven. The only evidence is lithological, as they all lie above 
Old Red Sandstone sediments and are supposed to be at the same level as 
the Arthur's Seat Volcanic Group (Mitchell & Mykura, 1962). Lavas of this 
age probably also underlie the Oil-shale field in West Lothian. They 
have been encountered at the deepest levels in some boreholes, e.g. at 
West Calderand Blackness on the shores of the Forth (see Francis, 1967, 
Fig. 3.5). 
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These lavas in the Lothians were probably contiguous with the 
Lowest lavas of the Clyde Plateau. It is difficult to distinguish the 
early Visean lavas in the Clyde Plateau, but the basal group of lavas in 
the Beith Hills, the outlier near Strathaven and the lavas underlying the 
interbasaltic beds in the Gargunnock Hills almost certainly belong to 
the early Visean lava field in the west. Further west in the Kilbirnie 
Hills, the basal group of lavas resting on cementstonés and Old Red 
Sandstone appear to be younger. The probable extent of the early Visean 
lavas south of the Forth is shown in Fig. 9.1, together with faults which 
may have been active at this time or slightly later. 
The geological evolution of the Midland Valley after the early 
Visean volcanism is obscure, but it is logical to assume that there was 
a period of sedimentation and sporadic volcanism in the intervening ten 
million years or so between the end of the early Visean volcani&m and 
the start of the Clyde Plateau volcanism at C. .330 m-y. If sediments 
of the Lower Oil Shale Group were deposited in this period then the tuffs 
and occasional lavas present may represent the waning phase of the early 
Visean episode. 
A suitable point for the resumption of large-scale volcanic activity 
might be about the Lower/Upper Oil Shale Group boundary. The appearance 
of thick fluvial sandstones and tuff bands (e.g. the Sandy Craig Beds in 
East Fife and the Dunnet Sandstone in W. Lothian) at this point in the 
succession, suggest uplift of the Midland Valley floor induced by the onset 
of partial melting in the mantle. The occurrence of red mans in the 
Upper Oil Shale Group succession indicates that the Clyde Plateau lavas 
were only able to act as sediment sources at about this time. 
There are a number of objections, however, which suggest that the 
sequence of events as described above may not be correct. Firstly, the 
appearance of fluvial conditions in the succession need not necessarily 
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have a tectonic significance as they could have occurred during the 
aid-Asbian regressive phase (Ramsbottom, 1973, 1977). Secondly, in 
the Salsburgh borehole a sequence of lavas is overlain by the Dunnet 
Shale which is only slightly younger than the Dunnet Sandstone indicating 
that emission of lavas had started before the deposition of this 
formation. Finally, in the Rashiehill borehole the appearance of a 
marine limestone correlated with the MacGregor Marine Bands (Lower Oil 
Shale Group age) above a thick succession of lavas, indicates that 
Clyde Plateau activity recurred earlier than the time suggested above. 
The correlation is only tentative and is based on the presence of the 
bivalve Aviculopecten subconoides (George et al., 1976), which is also 
present in limestones of Brigantian age in the East Fife succession 
(Forsyth & Chisholm, 1977). 
However, assuming the correlation to be correct, then Clyde Plateau 
volcanism must have begun early in Lower Oil Shale Group times; given the 
10 m.y. gap between the early Visean and the later event it is probable 
that a significant hiatus is present at some level above the early 
Visean lavas. This fits in with the evidence from S. Scotland, where 
the 330 m.y. Glencartholm Volcanic Beds lie at the base of the Asbian 
stage which coincides with the base of the TC miospore zone (George et al., 
1976). 
In the Midland Valley, sediments above the early Visean lavas are 
all of Asbian (TC miospore zone) age and the unconformity must be just 
above these lavas. In the Edinburgh area, miospores were not collected 
from the Abbey-hill shales immediately above the Arthur's Seat lavas 
(Neves et al., 1973) and these could represent a condensed succession 
deposited in the intervening 10 m.y. 
The fact that the transition between the Pu-TC miospore zones has 
not been observed within the Midland Valley (Neves et al., 1973) may be 
further evidence of a hiatus below the TC beds. Even in the thick E. Fife 
234 
succession sediments of zones older than the TC zones are not present 
apart from the Fife Ness Beds at the base, which provide a transition 
with the Old Red Sandstone and are most probably of Tournaisian age 
(Forsyth & Chisholm, 1977). 
The absence of some stages, such as the Holkerian and part of the 
Arundian, at least, suggests that the Midland Valley was an area of 
non-deposition and/or erosion in mid-Dinantian times, because of tectonic 
uplift of the region. This is supported by the thinness of Holkerian 
sediments in the Borders (George et a].., 1976; Fig. 12). In the extension 
of the Midland Valley in Northern Ireland, Holkerian sediments were 
deposited in a deltaic environment in contrast to the marine conditions 
before and after. 
The sequence of events in the Midland Valley from early Visean 
times can now be set out: 
Early Visean volcanicity in the Lothians and Glasgow region at 
c. 345 m.y. (Fig. 9.]). Uplift of the Midland Valley floor possibly 
commenced at about this time. Volcanism ceased by about 340 m-y. after 
the trachytic activity in East Lothian. The emplacement of the basanitic 
necks at this time could represent the waning phase of volcanic activity 
in this area but this has yet to be confirmed by radiometric dating. 
Erosion of early Visean volcanic piles and some sediments deposited 
between 340 and 330 m.y. Block faulting and differential movement of 
Midland Valley floor prior to resumption of volcanism at 330 m.y. 
Establishment of depositional basins (West Lothian, Mid-Lothian, East Fife), 
possibly fault controlled, dates from this time; active faults were the 
Inchgotrick-Wilsontown Fault, the Dusk Water Fault (Richey's (1937) lines 
of variations), the Ochil Fault and associated splays in Fife (Fig. 9.1). 
Some of these faults ceased to be active later on and did not affect 
later Carboniferous sediments. 
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Start of Clyde Plateau volcanism at c. 330 m-y. in Lower Oil Shale 
Group times with extensive tuffaceous activity followed by lavas. The 
thick tuffs in the Lowet Oil Shale Group (e.g. the Seafield-Deans Ash) 
reflect the widespread dispersal of this early explosive activity. Most 
of the volcanic activity occurred to the west of a N.-S. line through 
Lanark and stretched across the Firth of Clyde to Northern Ireland. To 
the east there were only minor outbursts of volcanicity in the Lower Oil 
Shale Group. The Dalmahoy sills may have been intruded at about this time. 
Block faulting and subsidence of the lava pile, especially in the 
Central Basin, is likely to have occurred at an early stage in the volcanic 
history as some blocks (e.g. at Rashiehill) had subsided sufficiently for 
marine limestone's to be deposited before the end of Lower Oil Shale Group 
times. At Salsburgh, volcanism ceased by Upper Oil Shale Group times and 
about 250 m of sediments were deposited before the end of Clyde Plateau 
volcanism. The amount of subsidence seems to have increased towards the 
Oil Shale basin in West Lothian and was probably fault controlled. The 
establishment of ridges which were to separate Late Upper Oil Shale Group 
(Brigantian) depositional basins in the Glasgow area from West Lothian 
(Francis, 1965a) and which may have been sources of the red mans probably 
date from this time. 
As volcanism in the Clyde Plateau began to wane from mid-Upper Oil 
Shale Group times (c. 320 m.y.) and acidic lavas were erupted, basic 
activity began in West Lothian (Two Foot Ash from the Binns Tower vent, 
Cadell, 1923) and in the Burntisland area. In places, e.g. at Inchkeith, 
volcanism may have started earlier. 
At 320 m.y. in Late Upper Oil Shale Group times (early Bri'gantian) 
volcanism in the Clyde Plateau had' largely ceased except in certain places, 
e.g. Kintyre, Rashiehill area. Volcanism in West Lothian was just beginning 
to get underway and in the Burntisland area it carried on into Lower 
Limestone Group times (between 320 and 315 m.y.). Subsidence of the 
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Clyde Plateau was rapid and the lavas submerged during the late Dinantian 
transgression, although some present day outcrops remained as areas of 
non-deposition (Goodlet; 1957, 1960). By the end of the Dinantian, volcanic 
activity was confined to West Lothian. 
9.2.2 Silesian 
In the early Namurian, the emission of lavas was confined to the 
Bathgate-Linlithgow area. This volcanic episode which began towards the 
end of Upper Oil Shale Group times at 320 m.y., ended by early Upper 
Limestone Group times at about 310 m.y. This 10 m.y. span for the volcanism 
in West Lothian may be an overestimate, as it could be argued that the 
late Dinantian-early Namurian (up to E 
1  b times) period is hardly that long. 
Also, it implies a very low rate of extrusion. It is not possible to 
comment on these problems because of the lack of good geochronological 
data from the area. 
The onset of volcanism in West Lothian coincided with a palaeogeo-
graphic change from an area of subsidence and minor volcanism in Oil Shale 
Group times to one of minimal subsidence from Lower Limestone Group times 
onwards. This relative high, known as the Burntisland Arch, has been 
assumed to be-deep.-seated in origin (Goodlet, 1960) - an effect of partial 
melting in the mantle (Leeder, 1972). This may be so, but volcanism in the 
early Namurian was not restricted to West Lothian. Numerous sills were emplaced 
at this time in Fife, in a belt from the Saline district to East Fife and 
also in parts of the Lothians. The formation of sills instead of lavas in 
these areas appears to be governed by the presence of thick, unconsolidated 
sediments as proposed by Francis (1968a). Thus, a control by partial 
melting seems unsatisfactory. 
The formation of the Burntisland Arch could be explained by the 
differential loading of the Midland Valley floor, causing variations in 
subsidence. From the end of the Clyde Plateau volcanism, the central part 
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of the Midland Valley subsided smoothly until Passage Group times. The 
primary mechanism of subsidence may be as discussed by Bott (1976) for 
narrow tensional grabens with complementary uplift of the margins renewing 
these sources of sediment. The presence of thick piles of lavas to the 
east (lavas of the Firth of Forth Group, probably 500 m thick, Francis, 
1967) and to the west (Clyde Plateau lavas under the Central Basin) would 
amplify subsidence in these areas, leaving the Burntisland Arch as a relative 
high. The positive block (contiguous with the Burntisland Arch) between 
the Inchgotrick and Kerse Loch Faults and containing the Distinkhorn 
granite, may be cited as another example of inhomogeneity of the Midland 
Valley floor causing differential subsidence. 
After the end of the early Nâmurian activity in West Lothian, 
volcanism in the eastern Midland Valley was relatively unimportant and 
only sporadic outbreaks occurred until the intrusion of the quartz-dolerites. 
In this period, between 310 and 295 m.y., activity may have been largely 
intrusive, but a few volcanoes did exist, e.g. at Largo Law, although 
the proportion of lavas was very small and activity mainly tuffaceous. 
In the western Midland Valley very little volcanism occurred after 
the Clyde Plateau episode until late Namurian-early Westphalian times. 
A minimum age of 300 m-y. was obtained for these lavas, close to their.probable 
age of extrusion between 305 and 300 m.y. The Passage Group lava field 
extended from Ayrshire over to Kintyre and Northern Ireland; a sill dated 
at 294 ± 11 M.Y. from the southern tip of Kintyre is thought to belong to 
this episode. No acidic rocks have been discovered among these lavas, but 
a biotite date of 302 ± 6 m.y. from a bostonite dyke on Cumbrae indicates 
that there was some acidic activitiy. It is possible that these lavas were 
among those weathered to form the Ayrshire Bauxitic Clays. 
Major non-sequences are present below and above the lavas in Ayrshire 
(Mykura, 1967) indicating uplift in the area, probably caused by thermal 
expansion associated with melting in the mantle. It is considered that the 
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effect was localized as other parts of the Midland Valley were not 
affected to the same extent; a complete sequence of late Namurian sediments 
is present in the Central Basin, although condensed (Ramsbottom, 1969). 
Subsidence in the eastern Midland Valley was probably slow and intermittent 
in the late Narnurian. Deposition of Coal Measures followed the Passage 
Group activity; subsidence in Westphalian times in Ayrshire, south of 
the Inchgotrick Fault, was faster than at any time previously in the 
Carboniferous, undoubtedly accentuated by the weight of the Passage Group 
lavas. Igneous activity continued in the area between 300 and 290 m.y. 
with the intrusion of teschenitic sills. Carboniferous deposition was 
brought to an end by uplift in late Westphalian times. Gentle folding 
of the Carboniferous rocks along a N.W.-S.W. to N.-S. axis  may have taken 
place at this time, but the evidence is very sketchy (George, 1965; 
Mykura, 1967; Forsyth & Chisholm, 1977). However, it is likely that the 
strong compressive movements that affected Northern England in late 
Westphalian and early Stephanian times (Fitch & Miller, .1967) extended to 
the Midland Valley, albeit on a lesser scale. 
These movements were interrupted in the (?early) Stephanian by 
a sharp N.-S. tensional phase, producing E.-W. normal faults accompanied 
by the intrusion of quartz-dolerite sills and dykes. at c'. 290 m.y. 
9.2.3 Permian 
The final major volcanic episode in the Carboniferous-Permian cycle 
was the formation of the Mauchline Volcanic Group and associated lavas in 
Arran, Thornhill and Sanquhar, beginning at c. 285 m.y. in early Permian 
times. The relationship in time of these lavas with the quartz-dolerite 
event, which affected the whole of the Midland Valley, apart from Ayrshire, 
cannot be resolved by radiometric dating because the events are so closely 
spaced. However, it is probable that the quartz-dolerites are older than 
the Mauchline lavas, as the N.W.-S.E. faults associated with the latter 
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episode are younger than the E.-W. faults associated with the former (e.g. 
in the Hamilton area, Anderson, 1951). Some of the alkaline dolerites 
of Ayrshire are probably contemporaneous with the quartz-dolerites. 
At about the same time as the Mauchline Volcanic episode, activity 
in East Fife between 280 and 290 m.y. resulted in numerous small necks 
with abundant tuffs and minor intrusions. These are probably unrelated to 
the Ayrshire volcanism and it is thought that they represent the waning phase 
of a volcanic cycle which began with the intrusion of the quartz-dolerites. 
Following the early Permian lavas in Ayrshire was the intrusion 
of a number of teschenite and essexite sills in North Ayrshire and the 
Glasgow area and lamprophyre dykes in the Western Highlands and Islands 
at c. 270 m.y. This was the final event in the Scottfsh Carboniferous-
Permian magmatic cycle. In the Glasgow area, heat from these intrusions 
must have set up a hydrothermal circulation system which resulted in the 
almost spilitic alteration of some of the Clyde Plateau lavas and the 
resetting of their ages. Abundant saline water was probably available 
in the wet Carboniferous sediments which may explain why many of these 
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FIG. 9.1 Possible extent of early Visean lavas in the Midland Valley. 
Major faults active at that time are also shown. 
CF: Campsie Fault ; DWF: Dusk Water Fault; HBF: Highland 
Boundary Fault; IF: Inchgotrick Fault; KLF: Kerse Loch 
Fault (Dron line); PF: Pentland Fault; PR: Paisley Ruck; 
SUP: Southern Uplands Fault; WF: Wilsontown Fault. 
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CHAPTER 10 
THE CHEMICAL EVOLUTION OF THE CARBONIFEROUS-PERMIAN MAGMAS 
10.1 Review of Petrochemistry- and Petrogenesis 
10.1.1 Petrochemistry 
The major review of the petrochemistry of the Dinantian lavas 
by Macdonald (1975) and a further paper on the Silesian lava fields 
(Macdonald et al., 1977) has brought the chemical description of the 
province into line with modern ideas and several important features 
have been recognised. The detailed study of chemical variations in 
the Dinantian lavas has shown that several magmatic lineages exist 
within the earlier grouping into a single alkaline (sodic) series (e.g. 
Tomkeieff, 1937; MacGregor, 1948; Francis, 1967) so that "each 
geographically distinct sequence has in fact a characteristic pattern 
of major-element variation and the suites comprise a bundle of lineages" 
(Macdonald, 1975, p.287). The Dinantian basalts range from transitional 
to mildly alkaline types (a-normative silica-saturated to ne-normative 
silica-undersaturated) and are mid-way in composition between the 
typically sodic and potassic suites of other provinces. The basic 
rocks lie across the plane of silica-undersaturation but the more 
evolved members are usually -normative. Midland Valley volcanism 
would appear to be characterised only by high values of Ti0 2 and P 205 . 
Other features of the Dinantian lavas which need be noted are the 
mildly potassic nature of all East Lothian volcanism and the occurrence 
of strongly undersaturated leucite kulaite lavas there (Bennett, 1945, 
the variation of Ti02 and P 2 0 
5 between suites; and the tholeiitic 
tendencies of the Birrenswark lavas. 
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In the late Dinantian and Silesian lava fields, which are 
broadly similar to the basic lavas of Association 1, the more evolved 
types are absent. The chemical variations in each suite are such that 
no single magmatic lineages have been identified. A wide range of 
basalts occur in each pile, so that although basanitic lavas become 
Pore important in the Silesian (e.g. in West Lothian and Central 
Ayrshire) -normative basalts dominate the succession at Burntisland 
and in the North Ayrshire Passage Group lavas and are also found in 
the other lava fields (Macdonald et al., 1977). However, a great deal 
of further work is necessary before the detailed variations in these 
lavas are known. 
The petrochemical variations between the large number of 
Silesian and early Permian intrusions have not been studied to any 
great extent because the age relations are largely unknown. Nevertheless, 
there is probably greater variation in the alkaline intrusions than 
in the lavas. For example, in East Fife a series of alkali basalts, 
basanites and monchiquites have normative ne ranging from 1 to 17% 
(Chapman, 1976; Forsyth & Chisholm, 1977), i.e. tending towards 
nephelinites (see Chapter 7, section 7.3.2). Studies on the variations 
within these hills are well known (e.g. Tyrrell, 1917; Campbell et al., 
1932, 1934; Drever & Macdonald, 1967). 
The quartz-dolerites are all quartz-normative and silica-
oversaturated and there appears to be little variation within the suite 
(Walker, 1935, 1965). There is a tendency towards iron enrichment 
(Walker, 1965) and like the alkaline rocks they are characterised by 
higher Ti02 and P 
2  0 5 
 than other continental dolerites, although K 
2  0 
values are normal. This tendency for Midland Valley rocks to have 
higher Ti02 and.P 2 0 is also' shown by the Dalradian S.W. Highland 
suite in Knapdale (Graham, 1976) and also to some extent by the O.R.S. 
lavas (e.g. Gandy, 1975). 
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10.1.2 Petrogenesis 
The petrogenesis of the individual lava series is of lesser 
concern here, but is -- necessary in order to understand the long-term 
evolution of magma chemistry through the Carboniferous. 
(a) 	Initial explanations of the diversity of basaltic types in 
the Dinantian (Hamilton, 1956) suggested that they resulted from the 
differential fusion of a gabbro and this hypothesis was also used by 
J.G. MacDonald (1967) to explain variations in a flow near Strathblane. 
Macdonald (1975) considered the chemical variation in relation to 
the observed phenocryst assemblages in the Kintyre and early Campsie 
type suites, and argued that these were the result of magmatic evolution 
over a protracted pressure range. Variations in basalts and basaltic 
hawaiites are caused by a high pressure stage (10 kb) of evolution. 
The hawaiites and other more evolved rocks are held to be formed by 
low pressure fractionation of the basaltic hawaiites in large magma 
chambers beneath the central volcanoes recognised in the lava piles. 
Smaller chemical differences between the various suites may reflect 
variations in the source region, in the melting process, and in the 
fractionation history during magma ascent. The late Dinantian and 
Silesian lavas which are quite basic, may also have evolved over an 
extended pressure range, but within suite variations may arise from 
separate fusion events in the mantle under differing pressure regimes 
(Macdonald et al., 1977). 
Studies on the nodules associated with the East Fife vent 
intrusions (Chapman, 1976) suggest that a primitive alkali basaltic 
liquid, produced at depth (70-100 km) from vapour-free mica-bearing 
garnet peridotite mantle, rose rapidly to the surface from c. 70 km 
after precipitating pyrope and sub-calcic augite at this depth. 
The monchiquites and basanites are middle to late stage representatives 
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of the alkali olivine basalt magma that has undergone pyroxenite 
fractionation at around 10 kb. The teschenites are probably vapour-
rich varieties of these magmas. 
(b) 	The formation and chemistry of basic magmas and the nature of the 
volcanism are closely linked to existing regional tectonics. By 
examining the variations in basic magma chemistry with time many aspects 
of the tectonic evolution of a magma province may be unravelled. 
However, the relationship is by no means simple and can only be 
utilised when the melting and crystallization histories of the various 
suites are fully understood. 
The major features of Scottish Carboniferous volcanism which 
need to be accounted for are the rapid bursts 
which apparently became increasingly alkaline 
with time (MacGregor, 1948; Macdonald et al., 
of a brief tholeiitic magmatic episode in the 
an associated stress pattern (Walker, 1965). 
Tomkeieffts (1937) hypothesis was that 
of bsic alkaline magmatism 
or silica-undersaturated 
1977) and the appearance 
late Carboniferous with 
a primary alkali olivine 
basalt separated in late Carboniferous times to. teschenitic and quartz-
doleritic portions by a process of alkali-volatile diffusion. 
MacGregor (1948) recognised that the early basic lavas were more silica 
rich than later lavas. His explanation of the variation in basic 
magmas (which was accepted by Walker, 1965) was that they were derived 
by fusion in crustal layers of different composition from tholeiitic 
to alkali olivine basalt, becoming more mafic downward, as defined by 
the Kennedy-Anderson hypotheses. These hypotheses are no longer 
considered feasible, in the light of modern petrological advances, but 
MacGregor's (op. cit.) ideas on the depth controlled chemical changes 
in magmas generated remains valid. Francis (1967), while accepting 
MacGregor's ideas generally, felt that if the alkaline lavas and 
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intrusions were considered together, then little change could be 
distinguished in the composition of the parent alkaline magma 
continuously available throughout the Carboniferous. Furthermore, 
there was little significant chemical variation with time or place 
in the extrusive rocks (Francis, 1968). 	 - 
Macdonald (1975) plotted stratigraphic age versus degree of 
saturation (p.298, Fig. 16) and found that the trend revealed for the 
lavas was consistent with the hypothesis that Midland Valley alkaline 
volcanism became progressively more undersaturated with time as the 
major Dinantian thermal event waned. Radiometric dates of intrusions 
of uncertain age in East Lothian supported this trend (de Souza, 1974). 
However, new chemical analyses of the previously unana1ysed late 
Dinantian and Silesian lavas has shown that the variations in basaltic 
magma chemistry during the Carboniferous are more complicated 
(Fig. 1, Macdonald et al., 1977), so that although strongly silica-
undersaturated lavas make up a higher proportion of the lavas erupted, 
-normative magmas continue to play an important part (see Fig. 10.1). 
Therefore, in their model of the evolution of the Midland Valley 
alkaline rocks, Macdonald et al. (1977) have suggested a second thermal 
cycle which was initiated during late Namurian times. 
In the early Dinantian a rapidly-propagating thermal event, 
accompanied by a tensional stress regime, caused regional melting at 
shallow depths (less than 50 km?) in the mantle, the magmas generated 
being dominantly -normative. In the late Dinantian and early Silesian, 
the volume of lavas erupted decreased as the thermal cycle waned and 
the proportion of silica-undersaturated lavas increased, probably because 
of melting at greater mantle depths (60-100 km?). The second thermal 
cycle initiated in late Namurian times was accompanied by regional 
uplift. It gave rise to the -normative Passage Group lavas of 
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N. Ayrshire, the magmas again being generated at a high level in the 
mantle. As the cycle waned magmas became increasingly silica-
undersaturated and in the late Carboniferous/early Permian some very 
strongly undersaturated types were being emplaced. Compressional 
forces were probably dominant in the Silesian, preventing magmas 
reaching the surface,, and therefore magmas were erupted only when 
protracted deep-level fractionation generated sufficiently high gas 
pressures. The model of Macdonald et al. (1977) does not explain the 
tholeiitic episode, which was accompanied by a tensional stress regime, 
and which probably attests to a high level melting event in the mantle. 
10.2 Variations in Basalt Chemistry with Time 
1 . 
Using the age data acquired in this study, a clearer view of 
the magmatic evolution in the Carboniferous' in Scotland may be 
obtained. Changes in the degree of silica-saturation for all analysed - 
basic lavas and intrusions (with 'norm An x 100/An + Ab>45) with 
time are depicted in Fig. 10.2. 
At least a few analyses are available for all lava sequences 
and considerably more than when this plot was first used by Macdonald 
(1975); additionally all major groups of intrusions are represented. 
Yet, the overall impression remains the same, i.e. that the Carboniferous 
magmas became increasingly silica-uridersaturated with age although 
hypersthene and quartz normative basalts were still important in the 
Upper Carboniferous. 
In detail, however, the picture presented in Fig. 10.2 is more 
complicated. Within each episode a range of magmas was available, 
from -normative (or rarely, a-normative) to ne-normative types, but 
it appears that the undersaturated lavas and intrusions (especially 
basanitic varieties) were prominent towards the end of the episode. 
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This trend is similar to those on the Hawaiian Islands and other 
oceanic islands (Carmichael et al., 1974) and on a similar time 
scale of a few million years. 
In the first volcanic episode in the Midland Valley, in early 
Visean, transitional or alkaline basalts make up the bulk of the 
rocks erupted. If it is assumed that the basanitic intrusions in 
East Lothian are of this age, then they probably represent the final 
undersaturated products in a transitional basalt-basanitic trend, as 
they are younger than the la vas.. However, as no age data is available 
for them and they could be Permo-Carboniferous in age, they have not 
been included in Fig. 10.2. 
In the second volcanic episode, the most intense of the 
Carboniferous-Permian cycle, a range of basalt types was erupted. The 
bulk of the lavas are transitional or mildly alkaline basalts but a 
few a-normative basalts are also known (e.g. at Dalmahoy and in the 
Borders). Towards the end of this episode in the late Dinantian and 
early Namurian the volume of lavas erupted decreased and the more 
undersaturated types (basanites, etc.) became important (e.g. 
Bathgate-Linlithgow area and Kintyre). Among the Namurian sills there 
is a range of compositions most of them being mildly alkaline. About 
35% of those analysed are basanitic and their ages range from 295 to 
310 m.y. Within this episode there are probably several short term 
trends (e.g. in the Campsies) which cannot be discerned at present 
for lack of data; the changes in basalt chemistry are possibly quite 
complex (Macdonald, 1975). Nevertheless, in general, one can 
distinguish a trend of increasing silica-undersaturation with time with 
a concomitant decrease in volcanic activity from 320 to 295 m.y. 
(apart from Ayrshire). 
248 
In the third volcanic episode, the Passage Group lavas confined 
to Ayrshire and the Firth of Clyde, 	-normative lavas are predominant 
but, as argued in Chapter 6, the alkaline dolerite and basanite sills 
of Ayrshire represent the undersaturated end products of this episode. 
The waning stages of the quartz-dolerite episode, the fourth volcanic 
episode, are thought to be represented by the highly undersaturated 
East Fife neck intrusions. In the fifth and final episode in Ayrshire 
in the early Permian most of the lavas are alkali basalts or basanites; 
the intrusions emplaced in the later stages of this episode are very 
highly undersaturated. 
The episodes as, used above define major volcanic or intrusive 
events but it should be noted that volcanic activity was continuous 
in Scotland between 360 and 270 m.y., albeit sporadically at times, 
which indicates the constant availability of alkaline magmas throughout 
the Carboniferous. 
10.3 Magmatic Evolution of the Midland Valley 
One of the major drawbacks indevising models to explain the 
evolution of Midland Valley volcanism is the lack of information at 
present on the petrogenetic histories of most lava sequences, especially 
in the Upper Carboniferous. The model suggested below, therefore, only 
attempts to explain the gross features of the Midland Valley 
Carboniferous-Permian magmatic cycle. 
The most important feature of Midland Valley volcanism is the 
second volcanic episode beginning at C. 330 m.y.: in terms of 
volume the mid-Dinantian '3pisode dwarfs all other volcanic episodes 
(Tomkeieff, 1937). Thereafter, the volume of magmas reaching the 
surface declined as the following figures reveal: episode 2 including 
Burntisland and W. Lothian lavas, 5,600 km 3 ; episode 3 (Passage Group 
lavas) 250 km3 ; episode 4 (the quartz-dolerites) 150 km  (assuming an 
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area of 1,500 km  and a (high) mean thickness of 100 m); episode 5 
(early Permian lavas), 63 km3 (data from Tomkeieff, 1937; Walker,  1965; 
Francis, 1967). These figures do not take into account the alkaline 
sills, but the volumes for each episode are an indication of their 
relative abundances. It is suggested that these volumes are a 
reflection of the thermal conditions in the mantle. 
The volume of magmas erupted is governed by the tectonic conditions 
at the time which determine the ability of magmas to reach the surface. 
These will also affect the chemistry of the magmas as pockets of 
magmas unable to reach the surface will be subjected to prolonged high 
pressure fractionation under a variety of pressure regimes (tending 
towards an undersaturated end product) until suitable paths are 
available to the surface or when sufficiently high gas pressures allow 
them to force their way to the surface. Thus the degree of silica-
saturation of erupted magmas will reflect to some extent the tectonic 
situation and in particular the amount of extension in the crust. 
However, the degree of silica-saturation will also be a reflection of 
the thermal conditions in the mantle in that small degrees of partial 
melting will tend to result in more undersaturated magmas. 
With this in mind, it is suggested that the Carboniferous-
Permian magmatic cycle was the result of the growth, maturity and 
slow decline of a thermal event in the lithosphere caused by the diapiric 
upwelling of material from the asthenosphere. The undersaturated 
kulaites in the lower part of the lava pile mE. Lothian (Clough et 
al., 1910) are suggested to be significant on a regional scale in 
that they represent the initial growth stage of the thermal cycle, 
when a small degree of melting at great depth produced an undersaturated 
initial liquid. If the undersaturated intrusions of E. Lothian are 
Visean then they probably represented magmas that fractionated to 
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these compositions close to their source areas when access to the 
surface was restricted at the end of the early Visean episode. 
The mature stage of the thermal cycle is represented by the 
second volcanic episode beginning at 330 m-y. when the bulk of the 
lavas were erupted. From about 320 m.y. energy sources declined and 
the overall trend was towards more undersaturated compositions. 
However, - (and a-) normative lavas were erupted whenever tectonic 
conditions allowed easy access to the surface (at the start of 
episodes 3, 4 and  5). Thereafter, pools of magma trapped near their 
source areas or at the base of the crust (Chapman, 1976) gave rise to 
increasingly undersaturated liquids. Superimposed on this trend are 
basanitic liquids derived from greater depths (100 km?) or by smaller 
degrees of melting. These will have been more prominent at the end 
of the cycle in the late Carboniferous and early Permian. In the 
Namurian, however, melting took place at depths of, perhaps, 60 to 
80 km and the liquids if erupted rapidly will have been transitional 
or mildly alkaline in composition. At the same time, more evolved 
undersaturated liquids would also have been erupted. These two 
mechanisms will have resulted in a series of alkaline liquids of 
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FIG. 10.1 Age against degree of silica-saturation for Carbonife' rous-Permian  
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TECTONIC SETTING OF MIDLAND VALLEY VOLCANISM 
11.1 Present Views on the Tectonic Setting of the Midland Valley 
The premise that the structural evolution of the Midland Valley 
was related to the Hercynian orogeny (also referred to as Variscan 
and Armorican) was accepted even-before Anderson's (1951) analysis of 
Carboniferous structures and has been continued by Kenned3( (1958), 
George (1960) and Francis (1965a). Goodlet (1960) correlated the 
uplifts in early and late Namurian times (Limestone Coal Group and 
Passage Group) with Stille's Sudetic and Erzegebirgian phases of the 
Hercynian orogeny while the late Carboniferous movements in Northern 
England at around 295 m.y. have been correlated with the Asturic phase 
(Fitch & Miller, 1964). 
However, the realisation that a tensional stress regime was in 
operation through much of the Carboniferous (see Chapter 2, section 2.1) 
has raised new questions about the relationship between magmatism, 
basin formation and sedimentation, and the Hercynian orogeny to the 
south; in particular, the setting of the Midland Valley and associated 
magmatism in a broader tectonic frame is still obscure. At present 
there are two main hypotheses explaining the Carboniferous tectonic 
evolution of Scotland and Northern England: those of Leeder and of 
Russell. Leeder (1976), noting that the initiation of basin/block 
structures in N. England coincided with the bathyll lull in S.W. England, 
explained the origin of the British/Irish basins as resulting from 
upper crustal tension arising from lower crustal creep (Bott, 1971) 
towards an area of thinned continental crust in Southern England 
(the marginal basin of Reading, 1973). Thinned continental crust 
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in this region is supported by geophysical work (Bamford et al., 1976). 
A different origin was proposed for the Northumberland Trough; pointing 
out the relationship between uplift and volcanism on the northern 
flank of the Trough followed by basin subsidence, Leeder (1974) 
concluded that initiation of this feature was caused by tensional 
effects, resulting from mantle partial melting and northward 
compensatory flow towards the isostatically rising Caledonian mountains, 
as postulated by Bott ( 1964). Leeder's (op. cit.) hypothesis deals 
mainly with the N. English basins, but he notes that mantle partial 
melting would also have influenced subsidence in the Midland Valley. 
Russell's (1972,, 1976a,b) interpretation of the Carboniferous 
tectono-magmatic events in N. Britain and Ireland is very different 
from that of Leeder. Postulating the existence of N.-S. geofractares 
to explain the distribution of mineral deposits in Ireland and 
supposed N.-S. structures in the Midland Valley, Russell (op. cit.) 
proposed the existence of an east-west tensional stress field throughout 
the Carboniferous. The Carboniferous magmatism and basin formation 
were preliminary events to the initial opening of the northern 
North Atlantic and onset of ocean floor spreading in early Permian 
times. Russell (op. cit.) and Russell & Smythe (1977) believe that 
the widespread basic dykes in the late Carboniferous in Scotland and 
Scandinavia were associated with initial rifting and the opening of 
the Rockall and Faeroe-Shetland troughs and a Norwegian-Greenland 
rift. Some support for Russell's geofracture hypothesis has come 
from the discovery of a N.-S. zone of geophysical discontinuity in the 
basement in the Stirling area (Abedi, 1973), similar to one found south 
of Loch Lomond (Mclean & Qureshi, 1966) which Russell (1972) identified 
as a geofracture. The former zone coincides roughly with one of 
Russell's (1972) postulated geofractures. 
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Whatever - significance these geophysical anomalies have, they 
do not seem to have influenced Carboniferous structures in the Midland 
Valley. Russell's (1972) geofracture hypothesis has been severely 
criticised by Leeder (1972) 	there being no indication of any 
structures reflecting E.-W. tension or that N.-S. lines were active 
in the Carboniferous; many of Russell's (1972) N.-S. structures in 
the Midland .Valley are post-Carboniferous in ag6. The distribution 
of mineral deposits in Britain and Ireland is not uniquely determined 
by N.-S. lines as postulated by Russell (1972). For example, Home 
(1975) has proposed that Carboniferous volcanic centres and base metal 
deposits in Ireland (and in Britain) lie on N.W.-S.E. lines (or faults) 
while Evans & Moroof (1976) believe that there may be a spatial 
relationship between Carboniferous mineral deposits in Britain and 
Ireland and the Caledonian granites. There is an obvious need for 
sttistical analysis of the distribution of these deposits before 
tectonic implications can be drawn from their trends. 
Another of Russell's proposals, that of a Permo-Carboniferous 
opening of the North Atlantic is difficult to accept. For example, 
there is a lack of corresponding magmatism and structures on the 
other side of his proposed rift, in Greenland; at the time of this 
opening, there was a period of minor folding and molasse sedimentation 
in East Greenland (Henriksen & Higgins, 1976). One of his main, 
assumptions that the Hercynian Benioff zone to the south of Britain 
was southward dipping, thus leaving the British Isles unaffected by 
Hercynien events, is highly speculative. 
It must be concluded that Russell's (op. cit.) interpretation 
of Carboniferous tectonics does not adequately explain the volcanic 
and tectonic events in Scotland. This is not to deny that ther6 was 
no rifting around northern Britain in Permo-Carboniferous times. 
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The development of North Sea basins can be traced to the early 
Permian (Kent, 1975; Ziegler, 1975) and volcanism appears to be 
preferentially situated on basin margins. The distribution of 
Permo-Carboniferous alkaline dykes in Scotland and Scandinavia 
suggests that they are related to this period of initial rifting and 
fracturing in the Noth Sea (Faersethet al., 1976) and Western 
Scotland; normal faulting and associated early Permian igneous 
activity in the. Oslo Graben (Heier & Compston, 1969) may also be 
related to the system of North Sea rifts. 
Neither of the above hypotheses fully explains the Carboniferous 
tectonic setting of the Midland Valley. It seems obvious that an 
investigation of the events constituting the Hercynian orogeny, which 
is the major regional tectonic event at this time, could prove 
helpful in clarifying the situation. 
11.2 Relationshipof Midland Valley Tectonics to the Hercynian Orogeny 
11.2.1 Age relationships 
To discover whether the timing of magmatic events in the Hercynian 
bore any relation to the events in Scotland, their age distribution was 
investigated.. All available dates in the literature of Carboniferous 
igneous rocks in western and central Europe have been assembled in 
histogram form in Fig. 11.1. Dates which have obviously been reset 
have been excluded. Most of the data is from granitic rocks dated by 
the Rb-Sr method and it has been recalculated using the 
- 1 . 	x 1042 
-11 -1 
yr Rb decay constant. 
The pattern of activity revealed in Fig. 11.1, used in conjunction 
with the revised time-scale above, results in a different view from 
the traditional of the Hercy -nian magmatism. For example, many of the 
granites had dates (using )\ 1.47 x 1011yr) which suggested a 
Namurian or Westphalian age on the old time-scale and were therefore 
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correlated with the Sudetic orogenic phase. In Fig. 11.1, however, 
maximum activity is in the late Dinantian with a minima in the 
Namurian. This is in good agreement with the geological evidence of 
abundant andesitiç/rhyolitic volcanic activity in mid- to late-
Dinantian times and very little in the Namurian. 
The pattern of events as depicted in Fig. 11.1 seems similar 
to that in the Midland Valley with igneous activity reaching a peak 
towards the end of the Dinantian and with two other maxima in late 
Namurian and Stephanian times. Thus, on the basis of the age data 
alone, there would appear to be some relationship between igneous 
activity in Scotland and Europe in the Carboniferous. To understand 
this relationship it is necessary to describe the eirents constituting 
the Hercynian orogeny and explain their tectonic significance. 
11.2.2 Regional geolo gy of the Hercynian belt 
On a reassembly of the continents in Permo-Triassic times, the 
Hercynian foldbelt appears as a long sinuous zone of deformation 
extending from Texas to Russia (Riding, 1974). Only the European parts 
of the belt are considered her 	Three major divisions with contrasting 
histories can be distinguished (Fig. 11.2). 
Following Dewey & Burke (1973), Zone 1 was a Dinantian shelf 
and a Silesian belt of discontinuous paralic coal basins (from Britain 
and Ireland north of the Hercynian Front to Poland, via Belgium and 
N. Germany). Zone 2, the so-called Mid-European Ocean, is a foldbelt 
extending from southwest Ireland to central Poland, via southwest 
England, northern Brittany, the RheinischesSchiefergebirge and the 
Harz mountains (Rheno-Hercynian and Saxo-Thuringian zones of Aubouin 
(1965) and others). This zone was a deep basin, with shales and 
turbidites in the deeps associated with considerable volcanic activity 
and carbonate sediments on swells, from Lower Devonian to late Dinantian 
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times. The initial volcanism was acidic (keratophyres in the Hheinisches 
Schiefergebirge, Gramscatho Beds in S.W. England) but basic (spilitic) 
pillow lavas and sills (continental alkaline and tholeiitic types, 
also oceanic tholeiites in the Harz Mountains) were more abundant 
later (Aubouin, 1965; Rutten, 1969; Meischner, 1971; Floyd 1972, 1976). 
The basin was filled by turbidites in the Namurian, followed by a 
paralic sequence. The zone, was strongly folded in the late Westphalian 
(although there were earlier milder deformational phases) accompanied 
by granite intrusions at c. 295 m.y. 
Zone - 3 is a metamorphic belt, the Moldanaubian zone, which 
includes Iberia, Brittany, the Massif Central, the Vosges and the 
Black Forest; further east the zone has undergone Alpine deformation. 
Volcanic events in these areas were very similar: basic and acid 
lavas (spilites and keratophyres) were erupted from early Devonian 
to early Dinantian times (high-alumina basalts have been noted in 
Brittany, Boyer, 1976, and the Vosges, Fourquin, 1973)' and were followed 
by early Dinantian uplift (TtBretonic Phase"). Subsequently, sub-aerial 
volcanism produced thick andesitic and rhyolitic tuffs and lavas 
(including ignimbrites) until late Dinantian times (Turner, 1935: 
Aubouin, 1965). The large number of dates recorded for this period 
suggest that granitic intrusive activity, which continued from the 
Devonian, peaked at about this time. Volcanic activity ceased in the 
Namurian and paralic coal basins established. Some deformation occurred 
in the Naniurian (Sudetic Phase) but the main deformation was in the 
late Westphalian (Asturian) accompanied by granitic activity. In the 
Stephanian and early Permian post-orogenic potassic felsic rocks were 
erupted. 
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Th.e southern folded zone (e.g. in North Spain) suffered 
essentially vertical movements in the Carboniferous, being deformed 
from mid-Westphalian -- times.. Because of this, Riding (1974) has 
suggested that this area was part of the African plate during much of 
the Carboniferous. 
11.2.3 Plate tectonic interpretations of the Hercynian orogeny 
Plate tectonic models of the Hercynian orogeny have offered 
partial explanations of it but are often contradictory, reflecting 
the complicated nature of the belt. The models fall into two main 
categories. The first involves the closing of a Mid-European ocean 
with collision between a North America-Europe plate and a South 
European plate in the late Carboniferous (e.g.. Burrett, 1972; 
McKerrow & Liegler, 1972; Dewey & Burke, 1973; - Johnson, 1973); the 
concept of a Mid-European ocean has been criticised by Ager (1975) as 
unnecessary. The second type of model - postulates the existence of 
microplates (Iberia and others) which collided with N. America-Europe 
in the Westphalian, followed by the collision of Africa with North 
America in late Westphalian times (e.g. Riding,. 1974; Badham & Halls, 
1975). The Silesian, Sudetic and Asturic orogenic phases have been 
interpreted as deformations caused by subduction and collision (Johnson, 
1973; Riding, 1974) or by oblique collisions and obduction (Badham & 
Halls, 1975). In southwest England this may have involved the closure 
of a small marginal basin developed in the late Devonian and early 
Carboniferous (Reading, 1973). In -contrast to the above, Krebs (1977) 
has advocated a non-plate tectonic model involving mainly vertical 
movements. 
In a tectonic analysis of the late Carboniferous and Permian 
structures, Arthaud & Matte (1977) have proposed that following the 
Carboniferous colli si onal tectonics, right-lateral movement between 
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the African and Europe-North American plate created a gigantic shear 
zone between the Appalachians and the Urals. The many small Permian 
grabens in Western Europe with their associated volcanism have been 
explained as minor features resulting from differential block movements 
along major wrench fauls. 
11.2.4 Proposed plate tectonic model 
The plate tectonic model here envisaged for Hercynian Europe is 
similar in many respects to the models suggested by Floyd (1972) and 
Riding (1974). Lower Carboniferous plate configurations are shown in 
Fig. 11.3. In the model, subduction of oceanic crust, attached to the 
African plate, under Europe-North America occurred until the late 
Dinantian (Fig. 11.4). It is not known when subduction began, but 
it was in progress by early to mid-Devonian times. The subduction zone 
was probably to the south of France; Hercynian blueschists are known 
to the south of Brittany (Carpenter & Civetta, 1976) but their relationship 
to the subduction zone is not known because of the late Carboniferous 
deformations. The island arc coincided with the Moldanaubian zone 
and the area of basic and acid submarine volcanism extended to Zone 2 
in mid-Devonian times. To the north of the island arc an expanding 
marginal basin opened out from mid-Devonian times as the island arc 
migrated southwards (Reading, 1973). A basin and swell system was 
established as continental blocks were detached; basic volcanism 
occurred in the deepest parts of the basin (cf. Yamato Rise and Basin 
and Korean Borderland in the Japan Sea, Hilde & Wageman, 1973). The 
amount of extension in the marginal basin may have been small as 
compressional and tensional forces would have been finely balanced 
because of the proximity of the continental margin (Coleman, 1975). 
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In the Dinantian, extensive caic-alkaline explosive volcanism 
took place on the island arc. Granitic injection led to strong vertical 
movements (now distinguished as orogenic phases, e.g. Bretonic movements) 
because of isostatic readjustments. Volcanism probably ceased by the 
end of the Dinantian as oceanic crust between Africa and Europe was 
consumed; volcanism immediately to the north also largely died out at 
this time. Namurian movements on the island arc were mainly vertical 
with associated folding (Südetic movements); there may have been some 
interaction between inicroplates, attached to the African plate, and 
Europe at this time. Collision with the microplates started in the 
east by the late Namurian (Lorenz, 1976); the North Spain microplate 
collided with Western Europe in the mid-Westphalian.(Riding, 1974) 
followed by collision with Africa at the end of the Westphalian and 
the climactic phase of the Hercynian orogeny. Collision of Africa with 
Europe rather than with N. America seems to be indicated by the latest 
paleomagnetic reconstruction (Irving, 1977). The collision of Africa 
with Europe was followed shortly afterwards by right-lateral shearing 
between Africa and Europe-N. America which lasted well into the Permian 
(Arthaud & Matte, 1977). The collisional orogeny between Africa and 
Europe thus seems to be of very short duration ((5 m.y.?). 
11.2.5 Relationship of Midland Valley maginatism and tectonics to the 
Hercynian orogeny: an Asian analogue 
The question of how Midland Valley magmatism and tectonics are 
related to the Hercynian events can best be answered by examining 
analogous present day situations. The development of an island arc 
and marginal sea adjacent to the N. European continent in the Upper 
Devonian and Dinantian seems similar in many ways to some of the 
Western Pacific arcs. The existence of alkaline plateau basalt  on 
the continent in East and Southeast Asia, between 1,000 to 2,000 km to 
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the rear of the subduction zones also closely resembles the Carboniferous 
situation. 
The late Tertiary-Quaternary alkaline plateau basalts of Korea, 
Manchuria and Mongolia, which occur in a region of block faulting and 
extensional tectonics (Huang, 1945), have been treated in the pas.t as 
part of the Cenozoic Circum-Japan Sea alkaline province (Tomita, 1935; 
Kurio, 1959, 1966) but their significance has been ignored in recent 
plate tectonic models of the area. Similar occurrences of Quaternary 
alkaline plateau basalts in an area of block faulting can be found in 
N.E. Asia in the Soviet Union and in Indo-China (Ustiev, 1959; Kuno,  1969; 
Carbonnel & Saurin, 1975). The Indo-Chinese basalts are mainly alkali 
basalts and basanites of potassic character (Lacroix, 1933). 
All these areas are adjacent to inactive marginal seas with 
high heat flow at present, which is thought to be related to behind 
are mantle processes (Karig, 1971, 1974). The zone of high heat flow 
probably extends into the continent. However, the magmatism and 
tectonics on the continent do not seem to have a simple relationship 
to events on the continental margin as similar conditions have existed 
there from the early Tertiary and in their pre 3ent form over the last 
25 m.y. (Hilde et al., 19-7). 
The common feature of alkaline activity in East Asia is that 
it appears in areas of tensional tectonics with considerable block 
faulting. In N.E. China the extensional tectonics and active graben 
formation, which have existed since late Tertiary times, have been 
explained as consequences of major strike-slip faulting in Asia as a 
result of the collision with India (Molnar & Tapponnier, 1975, 1977). 
In Indo-China small linear basins and grabens have developed since 
Miocene times in a triangular area bounded by wrench faults and are 
thought to be genetically related to them, possibly as extensional 
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features in a conjugate wrench system (Ridd, 1971; Carbonnel & 
Saurin, 1975). 
Consideration of the tectonic magmatic activity in East and 
Southeast Asia in relation to the Western Pacific destructive margins 
thus indicates that processes in this zone have little influence on 
continental tectonics to the rear (less true for Indo-China) but are 
probably responsible for the high heat flow. 
The setting of the Midland Valley in the context of Carboniferous 
plate tectonics seems very similar to the situation in East Asia. 
Volcanism in a wide area to the rear of destructive plate margins 
may be a response to upwelling in the asthenosphere as a result of 
subduction. The dynamics of such upwellings are not clear but counter-
flow in the mantle induced by a subducted slab, which has been suggested 
as a cause of back-arc spreading (Karig, 1971), may be one mechanism. 
The proposal by Illies (1974, 1975) that Alpine subduction induced 
compensatory mantle diapirism in the northern foreland which controlled 
the volcanicity and tectonics of the Rhine Graben is similar to the 
processes envisaged in the Carboniferous, and would account for the 
widespread volcanic activity in Britain at this time. 
The other important observation, in so far as the East Asian 
basalts are concerned, is the necessity of having a favourable 
tensional environment in order to permit volcanism. In England normal 
faulting and basin formation in a tensional environment caused by 
lower crustal creep towards the Hercynian marginal basin (Leeder, 1976) 
provided the necessary conditions. The efficacy of such a mechanism 
for the Midland Valley and the Northumbrian Trough is in doubt and 
the Hercynian stresses did not affect Scotland until the late 
Carboniferous. However, in these areas the presence of reactivated 
old crustal lineaments could have played an important part in determining 
the site of magmatism (Bailey, 1977). 
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11.3 Tectono-magmatic Evolution of the Midland Valley 
The major structums which were instrumental in localising 
volcanism to the region of the Midland Valley were its bounding faults, 
the Highland Boundary and the Southern Uplands Faults, which are 
fundamental fractures probably expressed as zones of weakness in the 
lithosphere. A similar function may have been performed by the 
supposed Caledonian suture zone (Phillips et al., 1976) in the Solway 
region. The mid-Devonian movements were also important in that some 
of the major normal faults in the Midland Valley (e.g. the Ochil Fault, 
the Ayrshire faults and possibly the Campsie Fault), which were 
prominent in channelling magmas to the surface at one time or another 
in the Carboniferous, were established at this time' Johnson & Frost 
(1977) have suggested that the pattern of faults, between the Great Glen 
Fault and the Highland Boundary Fault resembles a system of Riedal shears 
related to the movement of the former; some of the E.N.E. trending 
faults in the Midland Valley may have originated as tensional cracks 
within a wider shear zone. 
The problem of outside structural controls on Midland Valley 
tectonics in the early Carboniferous is unresolved. It is believed, 
however, that the belt of strike-slip faults extending from 
Newfoundland to Scotland (Fig. 11.5) were important in this respect, 
although the age and sense of displacement are different, being Devonian 
and sinistral in Scotland and Carboniferous and dextral inNewfoundland 
(Pitcher, 1969). Nevertheless, most descriptions of the Scottish 
wrench faults system have assumed, usually implicitly, some Carboniferous 
movement. The directions of movement are such that Webb (1968) 
suggested that they would result in approximately N.-S. rifting 
between Ireland and Newfoundland and perhaps in the Irish Sea. They 
might also be compatible with Russell's (1972) N.-S. geofractures. 
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However, rifting is unlikely to have occurred if movement along the 
Scottish wrench faults was on a minor scale in the Carboniferous; 
perhaps the only result in the Midland Valley may have been to 
reactivate existing faults established in the Devonian. 
Whatever the causes of these movements, and the geological 
evidence for Tournaisian to early Visean faulting is slight (cf. George, 
1960), it is suggested that magmas from a rising diapir melting at 
70 km + were able to use these reactivated faults to rise rapidly to 
the surface in the early Visean. Such faults as the Pentland, Dusk Water 
and possibly Campsie Faults (Fig. 9.1) may have played a significant 
role in the distribution of the early Visean lavas. One other may 
have been a line running to the north of the East Lothian coast (Max, 
1976); it is perhaps no accident that the tuffs at the base of the 
East Lothian lavas thicken towards the coast (Martin, 1955). 
As the diapir rose higher into the lithosphere and the amount 
of melting increased, it exerted a strong control over Midland Valley 
tectonics. Doming of the crust, induced by the diapir, may have 
temporarily sealed the paths to the surface and produced the mid-Visean 
break in volcanic activity. Alternatively, because of the dissipation 
of thermal energy, represented by the early Visean lavas, and the 
sluggish rise of the diapir (e.g. Harris, 1974), melting was 
temporarily inhibited until the diapir rose higher into the lithosphere. 
Koide & Bhattacharji (1975) have shown how the intrusion of a 
semi-liquid diapir into the lithosphere will result in rift formation, 
while Neugebauer (1978) has recently developed a model for the Rhine 
Graben in which upwarp at a subcrustal level will result in crustal 
doming followed by normal faulting, volcanic activity and subsidence. 
This is remarkably similar to the sequence of mid-Dinantian events in 
the Midland Valley. 
Thus the rising diapir induced uplift of the Midland Valley, 
resulting in the mid-Dinantian unconformity followed by normal faulting 
and the renewal of volcanicity at 330 m.y. together with the formation 
of fault-controlled basins. This process continued to about 320 m.y. 
when the thermal energy of the diapir began to wane as a result of 
the intense volcanic activity. As access to the surface was restricted 
protracted high pressure fractionation of magmas near their source 
area (approximately 60-80 km) resulted in increasingly undersaturated 
magmas. At the same time melting took place at gradually deeper levels 
in the mantle. 
Continued subsidence and movements in the Midland Valley allowed 
melts relatively-easy access to the surface until early to mid-Nainurian 
times (310 m.y.). The mid-Namurian decline in volcanism may be linked 
to a tectonic quiescence whereby magmas only occasionally reached the 
surface and only minimal subsidence of the Midland Valley floor occurred. 
In contrast, the late Namurian-early Westphalian Passage Group 
volcanicity at 300-305 m.y. occurred in a tectonically active area in 
Ayrshire. This may be a result of further strike-slip movements in 
Newfoundland at about the Mississippian-Pennsylvanian boundary (Belt, 
1969; Blenkinsop & Bell, 1977). '-normative magmas were once again able 
to rise to the surface without substantial high pressure fractionation. 
Uplift in Ayrshire may have been generated at a much higher level in the 
lithosphere and was therefore localised. 
From late Westphalian times strong compressive stresses caused by 
Hercynian continental collision affected the northern foreland. The 
appearance of quartz-dolerites in the Stephanian is thought to be a 
result of post-orogenic relaxation which opened up deep E.-W. fractures, 
cutting discordantly across earlier structures. In the model advanced 
here the quartz-dolerites need to have been generated at deeper levels in 
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the mantle than the Dinantian lavas. This is possible if they have been 
derived from a hy7normative picritic liquid generated at depths approaching 
100 km, which had undergone minor eclogite fractionation increasing K and 
Ti in the liquid (Jamieson & Clarke, 1970) and ascended to the surface 
along newly opened fractures, fractionating to a 9.-normative liquid 
(O'Hara., 1968). The origin of the East Fife neck intrusions as proposed 
by Chapman (1976) follows from this, with the melts cooling near their 
source areas having becom. ne-normative with further eclogite fractionation. 
Restricted access to the surface at this time would have encouraged this 
process. 
In the early Permian a new stress regime became effective which 
resulted in widespread rifting with associated volcanism in places in 
and around Britain and especially in the North Sea. Hypotheses on the 
origin of this rifting are numerous among them being plume-generated 
uplift causing rifting (Whiternanet al., 1975); basin formation in response 
to Atlantic opening (Russell, 1976); post-Hercynian collapse (Ziegler, 
1975) and differential block movement in response to shearing between 
Gondwana and Europe-N. America (Arthaud & Matte,. 1977; Irving, 1977). 
In Scotland, fault bounded troughs were formed and tensional faults were 
able to tap undersaturated magmas generated at great depths (? 100 km) 
in the last vestiges of the Carboniferous thermal event. Highly 
undersaturated magmas continued to be erupted until 270 m.y. 
The general hypothesis explored here, that mantle upwelling 
related to subduction resulted in volcanism wherever and whenever 
suitable tectonic conditions occurred can explain the widespread 
Carboniferous volcanism in Britain. Volcanism in S. Scotland may have 
resulted from the same thermal event as that in the Midland Valley or 
from a separate event; the synchronism of some of the later events 
(post-Tournaisian volcanism) supports the former. 
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DISCUSSION OF K-AR RESULTS AND GENERAL CONCLUSIONS 
12.1 	Discussion of K-Ar. Results 
12.1.1 Feldspars 	 . 
The plagioclases dated were either from lavas or shallow 
intrusions. The argon analyses of plagioclases from the lavas varied 
widely and the dates were generally lower than the assumed age of the 
lavas. One possible cause of these variations, discussed earlier, is 
the inhomogeneous distribution of potassium in individual crystals 
arising from sericitisation along cracks. Another cause may be the 
presence of small amounts of K-feldspar (containing 5-10% K) in the 
sample; Engels & Ingamells (1960) have pointed out that a 1% impurity 
of a high potassium mineral in a low potassium mineral sample (cO.5% K) 
can increase analytical error sharply (10%). The source of this 
alkali feldspar, which may not have been completely removed during 
separation, is in the groundmass or in the orthoclase rims seen on 
many plagioclase phenocrysts. The argon analyses of plagioclases from 
the. quartz-dolerites were more consistent, reflecting perhaps a more 
homogeneous K distribution and their higher K contents, which reduces 
the effect of high K impurities. 
The potassium analyses are not affected by these inhomogeneities 
as the portion for the potassium analyses was crushed to a fine powder 
prior to further splitting for replicate analyses. 
The lower dates from the plagioclases can be linked to the 
sericitisation seen, in them. In most cases, this is developed along 
cracks only, while the interior of the crystals looks fresh. Cracking 
and sericitisation of the plagioclases should make it easier for argon 
to diffuse out of the mineral as the effective grain size for diffusion 
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is reduced (cf. Foland, 1974). Another factor may be the concentration 
of potassium in some plagioclases in the orthoclase rim which may also 
allow argon to diffuse more easily out of the mineral. The latter 
mechanism may explain the lower dates from the Kinkell tholeiite 
plagioclase. 
There also appears to be an age effect in the diffusion of argon 
out of plagioclases: most plagioclase dates on Mesozoic and younger 
rocks have been judged reasonable, whereas McDougall et al. (1963) 
noted argon loss had taken place in plagioclases from pre-Cambrian 
dolerites at temperatures below 200 °C (see Chapter 3, section 3.2.2). 
This effect may not be important in Carboniferous rocks but could 
augment other factors causing argon loss. 
To sum up, dates from p-lagioclases of Carboniferous age at 
least, are not reliable geochronometers in general. However, fresh 
homogeneous plagioclases may still be of value in dating rocks. 
Data from volcanic alkali feldspars was considered good and the 
dates reliable. Only one low date was obtained, caused, no doubt, by 
the alteration of the mineral. The reliability of alkali feldspar 
ages was further supported by the agreement between the E. Lothian 
sanidine ages (de Souza, 1974) and the Rb-Sr age for the Traprain Law 
phonolite. 	 . 
12.1.3 Other minerals. 
Only a few pyroxenes were dated from the quartz-dolerites and 
their low ages could be explained by the presence of initial argon with 
a low 40Ar/36Ar  ratio or by argon loss as outlined earlier. It is 
also possible that the potassium values measured were systematically 
high owing--to-contamination during analysis. However, the potassium 
analysis blanks do not support this. Also, the coefficient of 
variation of the replicate pyroxene analyses was usually better than 
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2% at the 95% confidence level. Nevertheless, it may be more advisable 
to use isotope dilution methods when determining such low potassium 
values. 
Biotites and hornblendes where they are unaltered have given 
what are considered to be reliable ages, as is to be expected from 
the extensive K-Ar work carried out on them. The only problem is that 
of excess argon in biotites; Zartmann et al. (1966) showed that 
coarse-grained biotites can contain excess argon and this seems to be 
the case with the biotite from the Colonsay ouachitite. All other 
biotites dated here were fine-grained and there is no reason to believe 
that they contain any excess argon. 
12.1.3 Whole-rock basalts 
The classification of whole-rock samples as used here is an 
obvious aid in weeding out unsuitable samples and interpreting those 
dated. There are difficulties, however, in distinguishingthose rocks 
which have been deuterically altered and those altered at a later 
date. Albitization and zeolitization of many basalts have been shown 
to be post-deuteric alterations. Nevertheless, many altered basalts 
have also given dates that are considered reasonably close minimum 
ages in comparison with mineral ageâ. 
Some of the freshest rocks dated were glassy olivine basalts 
and basanites with clear brown glass. These invariably give low dates 
and it is apparent that basaltic glass is a very bad retainer of argon, 
even where it seems fresh (e.g. the Kirikell thpleiite glass). Argon 
loss has probably taken place during hydration of the glass. 
Paradoxically, these rocks appear to be among the best preserved with 
the olivine usually unaltered. 
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The main cause of low dates in other whole-rock basalt samples 
is the hydration and/or devitrification of the small amounts of glass 
in the mesostasis. Sometimes the glass has been replaced by chlorite 
and clay and the alteration is assumed to be deuteric. Many such rocks 
were dated, as in most areas these rocks are the freshest available; 
in some cases the dates obtained are near the age of extrusion. More 
often a small amount of argon loss has occurred, probably from the 
alteration products in the groundmass, which can contain significant 
amounts of potassium. 
It has been noted - (Chapter 3, section 3.3) that in grinding 
the rock the groundmass alteration products can be reduced with a 
slight increase in the 40 A d/K ratio of the sample. As the 
alteration minerals also contain much of the atmospheric argon in 
the sample the relative proportion of 40Arrad  should increase with 
a concomitant decrease in the error on the age. This effect is small 
in rocks of Carboniferous age but should be significant in young rocks 
or where the proportion of 40 A d  is less than 50%. 
Another benefit of using small grain size fractions is the 
reduction of analytical error caused by sample inhomogeneity, which 
can contribute greatly to the overall error when small samples ('0.5 gm) 
are analysed. Sample sizes of less than 180 Am were not used in this 
study but sizes smaller than this could be used successfully down to 
a limit of about 100 j.tm. Increased atmospheric contamination resulting 
from the greater surface area exposed may not be significant (Keeling 
& Naughton, 1974) and could be removed by baking at higher temperatures 
(say, 200 0C); increased errors caused by higher atmospheric contamination 
would in any case be outweighed by the reduction of errors arising 
from sample inhomogeneity. 
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12.2 	Conclusions 
12.2.1 K-Ar geochronometry 
Plagioclases andana1cimes of Carboniferous age are not reliable 
geochronometers. In the former this is related to sericitisation and 
possible argon diffusion out of orthoclase rims. - In the latter, argon 
loss may occur in the fusion line vacuum or at some earlier stage in 
its history; excess argon is found in analcimes from syenitic veins in 
intrusions. 
Low ages obtained on pyroxenes from quartz-dolerites may be 
caused by the presence of argon of anomalous isotopic composition. 
It has been shown that the amount of atmospheric argon in 
whole-rock basalts is proportional to the green alteration minerals 
present; this argon is probably held in inter-layer sites in sheet-
silicates. It is recommended that argon analysis of slightly altered 
whole-rock basalt samples should be carried out on small size-fractions 
(l8O-1OO,tm), as the deuteric alteration products in the groundmass, 
which are also liable to lose argon, can be partly removed during 
crushing. 
Isochron analysis has not been as useful as was hoped, in providing 
an objective interpretation of the K-Ar data. Minor atmospheric argon 
contamination and loss of 40 A rad from some samples has resulted in 
spurious isochrons being obtained. 
12.2.2 Carboniferous time-scale 
Revision of the Carboniferous time-scale (Fig. 8.1) on the basis 
of the dates from the Carboniferous lavas has resulted in the Dinantian-
Silesian boundary being increased to 315 m.y. and the Carboniferous-
Permian boundary reduced to 285 m.y. Changes in the internal boundaries 
have also been made. 
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12.2.3 Volcanic events in the Scottish Carboniferous 
The sequence of volcanic events in the Scottish Carboniferous 
deduced from this dating study is as follows (summarized in Fig. 10.2). 
Kelso and Birrenswark lavas erupted at c. 355 m.y. 
Early Visean volcanism at c. 345 m-y. (Garleton Hills, Arthur's 
Seat, Carnwath, Kersehopefoot, early Clyde Plateau). 
Uplift of Midland Valley floor, causing mid-Visean unconformity, 
followed by block faulting and the start of intense volcanism 
in the Clyde Plateau at C. 330 m-y. Some volcanism in the 
Borders (Glencarthoim Volcanic Beds) also at 330 m-y. 
End of Clyde Plateau volcanism at 320 m.y. 
Burntisland lavas erupted at c. 320 m.y. followed by West Lothian 
activity which carried on into the early Namurian until c. 310 m-y. 
From 310 to 295 m.y. there was sporadic volcanic activity in: the 
Eastern Midland Valley together with the intrusion of various 
alkaline dolerite sills. 
The Ayrshire Passage Group lavas were erupted between 300 and 
305 m.y. and were followed by the intrusion of the Ayrshire 
teschenites until c. 290 m.y. 
The quartz-dolerites were intruded in the early Stephanian between 
290 and 295 m.y. 
The Mauchline lava's were erupted in the early Permian at 
280 ± 5 m.y. accompanied by the 'kylitic' sills of Ayrshire. 
The Glasgow and N. Ayrshire teschenites and the Highland 
lainprophyres were emplaced at c. 270 m.y. 
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12.2.4 Petrochemical evolution 
Considering the changes in basalt magma chemistry with time, 
the overall trend IS one of increasing silica-undersaturation with 
time. Within each episode, however, 	-normative lavas are predominant 
at the beginning, while ne-normative lavas increase their proportion 
in the later stages. It is suggested that the Carboniferous-Permian 
magmatic cycle is the result of the growth, maturity and slow decline 
of a single thermal event in the mantle, caused by the diapiric 
uprise of material from the asthenosphere. 
12.2.5 Tectonic setting of Carboniferous maginatism 
It is argued that, in the Dinantian, subduOtion under Europe 
led to the development of an island arc and marginal sea to the south 
of Britain. This was followed by continental collision between Europe 
and Africa in the late Westphalian. The Carboniferous magmatism in 
Britain is considered to be analogous to the Cenozoic alkaline activity 
developed well to the rear of the Western Pacific island arc on 
continental Asia. 
Thus, in the Midland Valley, diapiric upwelling, related to 
subduction, of material into the lithosphere and a favourable tectonic 
environment, perhaps related to strike-slip movement between 
Newfoundland and Scotland, led to the early Visean volcanism. 
Mid-Dinantian magmatism and tectonics were controlled by the rising 
diapir. The volume and chemistry of Silesian volcanism is related to 
the prevailing tectonic conditions and the state of the thermal event. 
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APPENDIX I 
POTASSIUM-ARGON TECHNIQUES AND SAflPLE PREPARATION 
1. 	Potassium determinations 
Potassium was determined by flame photometry, using the internal 
standard technique. A known weight of the sample was dissolved in 
concentrated HF and concentrated H 2SO4 and evaporated to dryness 
over night; the residue was then dissolved in HNO 3 and water. Lithium 
internal standard and sodium buffer were added and the solution made 
up to volume and measured. Potassium standards were made up from 
potassium salts. 
Two' flame photometers were used during the course of this study: 
initially a Baird-Atomic KY3 and then a Corning-EEL 450. The latter 
is superior because of its stable electronics enabling the analysis 
to be made more quickly. Potassium determinations carried out on both 
instruments agreed to within 1%. About 250 analyses were made on each 
instrument. Samples were analysed in triplicate and the coefficient 
of variation was generally under 1.5% at the 95% confidence level. Low 
potassium values were usually caused by errors during weighing, 
dissolution and transfer to the flask (e.g. splashing and spluttering), 
while high potassium values were traced to dirt on the flame photometer 
burners, the KY3 being especially prone to this. Precision was good 
for most samples and even pyroxenes with potassium about 0.05% were 
analysed routinely. Biotites and other minerals were usually diluted 
again before analysis, but this step did not increase the error by much. 
Only in feldspars was the variation found to be greater than 2% and this 
was probably caused by sample inhomogeneity. 
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2. 	Argon determination 
Argon is measured by isotope dilution using 38 A as tracer. 
The method may be divided into two stages: firstly, extraction and 
purification and, secondly, measurement of the argon. 
2.1 	Extraction and purification 	 - 
The weighed samples, wrapped in copper foil, were placed into a 
vertical multiple-loader, the samples being separated by metal tubes. 
The molybdenum crucible was outgasse.d and the line baked over night to 
reduce atmospheric contamination. Each sample was dropped into the 
crucible and heated to about 1500 °C by a radio-frequency induction 
heater. The liberated gases were trapped by a zeolite molecular sieve 
and activated charcoal. After fusion, the 38  Ar spike was admitted 
and allowed to mix with the sample argon. The gases were further 
purified in the next section by a titanium sublimation pump and 
activated charcoal. The pure argon was transferred to the last section 
where it was ready for the mass spectometiic. analysis. The molybdenum 
crucible, titanium sublimation pump, activated charcoal fingers and 
zeolite sieves were outgassed after baking and before each sample 
analysis. 
2.2 	Analysis 
The argon gas was analysed by an MS10 mass spectrometer, operated 
in the static mode (see Farrar et al., 1964, and Dalrymple & Lanphere, 
1969, for details). Mass peaks at 40, 38 and 36 were measured three 
times and three sets of data taken. The peak heights were recorded on 
a chart and were measured manually. The measured 40Ar/38Ar and 
36Ar/38Ar ratios were corrected for mass fractionation occurring when 
the sample was leaked into the mass spectrometer and a linearity 




2.3 	Spike calibration 
The argon spike is 99.99% pure 38 A and is contained in a 
reservoir connected to the extraction system by a double-valve pipetting 
system. Calibrations were carried out periodically to monitor the 
depletion of the reservoir, intermediate spike values being obtained 
by extrapolation between calibrated points. In this laboratory, the 
spike was calibrated against minerals of known radiogenic argon content, 
which had previously been calibrated against a known volume of dry air. 
Two standards, analysed in the normal way, were used during the, course 
of this study: the LP6 Biotite 40-60# distributed by the U.S.G.S . , 
and the BS 133 Biotite (Newcastle). 
2.4 	Calculation of radiogenic argon 
The sample of argon analysed is made up of three components: 
radiogenic, spike and atmospheric. The argon spike has small amounts 
36 	40 	 40 of Ar and Ar which have been previously measured, while Ar, 
38Ar and Ar are in fixed ratio to each other in atmospheric argon. 
Therefore, the composition of each argon isotope measured is given by 
40Ar - 	r 40A 	+ 40A + 40A m _ rad 	- rA 	r5 
38 A = 38Ar + 38 A m 	A 	S 
36 
Ar - - 6ArA + 6Ar5 m 
1  where A m = amount of isotope i measured 
40Ard = radiogenic argon-40 
1ArA 	amount of isotope i in the atmosphere contaminant 
= amount of isotope i in the spike 
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From this it can be shown that 
°Ar 	40Ar - 	6Ar _f 36Ar \1 40Ar 	
38A[( 38Ar ) - 38A) [38A 	38 A 
rad 
ri 40Ar - / 40Ar 1 
38k. A 
	38Ar "md ] 
36 	( 36Ar\
38A) (38A)] 
In this laboratory 
(
4 'Ar)4 	= 1355 and( 36Ar = 5.037 
38A 38A) 
A 	 A 
The spike correction factor 
(36
40Ar
( 36Ar)S [1355- 	 A)] - 40Ar) 
3 8A 	5.037 - ( 6Ar '\ 	'8Ar S 
\.38 I Ar m 
is approximately 0.0046. 
So that 
40Ar\ 
40 A 	38 
 A [(40A 	- (36 Ar 1355 - ( 38  A ) 




3. 	Analytical accuracy and precision 
The most important factor affecting analytical accuracy is the 
calibration of the 38 A spike and the potassium standards. By using 
inter-laboratory- mineral standards to calibrate- the spike, the error 
is then dependent on the precision of the calibration measurement which 
is usually less than 1%. Mineral standards analysed indicate that the 
error in the potassium analysis is also within 1%. To ensure that 
there were no significant errors between this study and earlier work 
on the East Lothian lavas (de Souza, 1974), three samples (two sanidines 
284 
and a whole-rock basalt) analysed at Leeds were also analysed here. 
The results (Table 1.1) show that there are no sytematic errors in 
the argon analysis between the two laboratories. 
The uncertainty in the decay constants also.produces errors in 
the ages and these are estimated to be 1% and 3% for AandXe 
respectivelj. Other uncertainties in the isotopic compositions of the 
spike, natural, potassium and atmospheric argon, are thought to be 
very small (Dalrymple & Lanphere, 1969). 
The precision to which K-Ar ages can be measured tdepends largely 
on the amount of atmospheric contamination. The uncertainty in 
calculating radiogenic 40Ar increases with atmospheric contamination, 
as the atmospheric correction would involve subtracting two large 
quantities from each other and this is the limiting factor in the 
dating of young rocks. This error magnification is not a problem for 
atmospheric contents of less than 50%. However, at low atmospheric 
contents the error in measuring small 36 A mass peak increases. As 
most of the samples in this study had atmospheric contents of less than 
20% great care was taken in measuring the 36 A peak. 
The errors quoted ith each potassium-argon age determination 
are computed from the following formula 
[E K 2 + (1 +A/R) 2 E402 + E382 + ( A/R) 2 E36] 
where R = % radiogenic 40Ar; A = % atmospheric 40At; and E40 (0.5%), 
E38 (0.5%), E36 (1.0%), E   (1.5%) are the percentage errors in the. 
40 	38 	36 	 i 	o Ar. Ar. Ar ueak heights and n the otassium determination 
respectively. The errors on the mean age in the data tables are quoted 
at the 95% confidence level and are usually less than 3%. 
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TABLE 1.1 
COMPARATIVE ARGON DETERMINATIONS: LEEDS AND S.U.R.R.C. 
40 
Analysis Vol. 	ArRAD Sample 	Laboratory 	Number 	 x 10) 
Leeds 	 1079 	0.6419 	 94.4 
MV 189 	 1095 0.6449 95.2 
San idine 
SURRC 	KA 1333 	0.6307 	 98.7 
Leeds 1072 0.6503 96.7 MV 	69 1080 0.6492 95.7 
Sanidine 
SURRC KA 1334 0.6492 98.7 
1058 0.1485 93.6 Leeds MV 167 1078 0.1507 91.1 
W.R. 	Basalt 	 .. 
SURRC KA 1335 .0.1529 95.0 
1.4 	Isochron analysis 
For the isotope ratio plot a blank correction for 40 A and 36 A 
was subtracted from the measured 40 	36  and 6Ar and the 40Ar/36Ar  and 
40 36 
K/ Ar ratios calculated. This results in an increase of about 10% 
compared to the uncorrected ratios. The isochron were calculated 
using a modified least-squares regression method after York (1969) 
with positively correlated errors. Errors of 1.5% and 2.5% were 
assigned. 	40 36 	40 36 o the Ar/ Ar and K/ Ar ratios.. 
The value of MSWD quoted provides an estimate of the scatter 
of points about the best-fit line. If equal to one, the scatter is 
within the estimated analytical uncertainty. For higher values there 
is an additional non-analytical component of error usually geological. 
A value of 2.6 was used as a cut-off point to distinguish between 
isochrons and 'errorchronst (Brooks et al., 1972). 
1.5 	Sample prepation 
For those whole-rock samples selected to be analysed, a slice 
cut adjacent to the thin-section cut, was crushed in a steel jaw-crusher. 
The required size-fraction, obtained using carefully cleaned metal 
sieves, was washed and dried. An aliquot was then removed and crushed 
to less than 100 um in a 'Tema' mill for the potassium analysis. 
Samples needing mineral separation were crushed in the steel 
jaw-crusher and then either by a Crown mill or in 'Tema' mill. The 
required size-fraction (dependent on mineral size but usually 170 to 
100,zm) was obtained using nylon sieve cloths. Minerals were separated 
using appropriate heavy liquids and a Frantz iso-dynamic magnetic 
separator. Sample purity was generally greater than 95%. 
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APPENDIX II 
LOCATIONS AND DESCRIPTIONS OF DATED SAMPLES 
Abbreviations used 
af: alkali feldspar; analc: analcime; ap: apatite; chl: chlorite; 
cpx: clinopyroxene; felds: feldspar; gmass: groundmass; hbl: hornblende; 
io: iron oxides; neph: nephine; ol: olivine; opx: orthopyroxene; 
plag: plagioclase: qtz: quartz. interst: interstitial; nr: near. 
Roman numerals are alteration states of whole-rock basalts analysed 
(see Chapter 3, section 3.3). 
HS1 	Microphyric ol-basalt flow, Hapland Farm, nr Dunlop, NS414498. 
III. ol 10% (some fresh), cpx 10% in a gmass of ol, cpx, plag, io, 
ap, interst chi anaic and glass. 
HS2 	Microphyric ol-basalt flow, as for HS1. 	II. Similar to HS1. 
HS4 	Hawaiite flow, Beith Hills,NS422574. II. ol 2% (fresh cores), 
plag 65% (sericite in minor cracks) in a gmass of cpx, plag, io, ap 
and interst chi. plag and gmass separated. 
HS10 	Teschenite intrusion, Polbaith gorge, nr Galston, NS488392. 
V. Highly altered rock, cpx (replaced by carbonates) and felds by 
clay minerals. 
HS11 	Microphyric ol-basalt flow, A.nni'ck Water at Rashiehall, nr 
Kilmaurs, N5382430. II. ol 15% (some fresh), cpx 1% in a gmass of 
ol, cpx, plag, af, io, interst anaic and chl/claymitures. 
HS12 	Microphyric ol-basalt flow, as for HS11. III. Similar to 
HSll but more ol 20% (altered) and chl in gmass. 
HS13 	Microphyric ol-basalt flow, as for HS11. II. Similar to HSll. 
HS14 	Macroporphyritic ol-basalt intrusion, Samson's Ribs intrusion, 
NT274725. IV. ol 3% (altered), cpx 2%, plag 20% (partly altered) in 
a gmass of cpx, plag (less altered than phenocrysts), ±0, ap, interst 
chi and some calcite. 
HS15 	Hawaiite flow, Boquhan Burn, Fintry Hills, NS65318998. II. 
ol 10% (some fresh), plag 20%, in a gmass of ol, cpx, plag, io, with 
interst chi and zeolites in amygdales. 
H816 	Basaltic hawaiite flow, Boquhan Burn, NS65328995. V. ol 10% 
(altered), plag 35% (sericitised and albitised) in a gmass of cpx, plag 
(both altered) and io. 
HS17 	Aphyric hawaiite flow, Boquhan Burn, NS65238984. III. Occasional 
plag (altered) in a gmass of ol (altered), cpx, plag (slightly altered) 
HS18 Nicrophyric hawaiite flow, Boquhan Burn, NS65088971. IV. 
ol 10% and plag 10% (both altered) in a gmass of altered ol, cpx, 
albitised félds, io, chi and zeolite in amygdales. 
HS19 	Microphyric hawaiite flow, as above. IV. Similar to HS18 but 
with more gmass chl. 
HS20 	Microphyric hawaiite flow, Boquhan Burn, NS64968963. V. ol 5% 
(altered) and albitised plag 40% in a gmass of altered cpx and plag, 
io and chi plates. 
HS21 	Aphyric hawaiite flow, Boquhan Burn, NS64718967. II. ol (altered), 
plag and io in a trachytic gmass of cpx, plag, af, io and a little chl. 
HS22 	Lugarite vein, Lugar Sill, NS600215. Kaersutite, cpx and plag 
in a turbid base of felds and analc. Kaersutite and anaic separated. 
HS23. 	Biotite ol-dolerite intrusion, Ryderston (Craigens-Avisyard 
complex), N5587181. ol (altered), cpx in a gmass of ol, cpx, plag, 
biotite, af, calcite and chl. Biotite separated. 
HS24 	Kylitic-essexite intrusion, Benbeoch Crags,NS496083. II. 
ol 30%, cpx 25% in a gmass of plag, io, biotite, analc, ap and glass. 
HS25 	Baked mudstone, Carskeoch vent, NS411094. qtz in dark brown 
isotropic--base with calcite. 
HS27 	Essexite-dolerite intrusion, Carskeoch vent, NS411093. II. 
ol 10%, cpx 15% in a gmass of ol, cpx, plag, io, biotite, ap, af and 
interst analc. 
HS28 	Hbl-teschenite or bekinkinite intrusion, Carskeoch vent, 
NS411093. Barkevikite 20% in a gmass of biotite, cpx, altered plag, 
io, ap and arialc. Barkevikite and biotite separated. 
HS31 	Kylitic-essexite intrusion, Craigs of Kyle Sill, NS434151. 
II. ol 5% (partly altered), cpx 25% in a gmass of cpx, plag, biotite, 
ap, io and anaic. 
HS36 	Microphyric ol-basalt flow, nr Howford Bridge, nr Mauchline, 
NS517254. III. ol 10% (altered), cpx 5% in a gmass of. cpx, plag, io 
and interst anaic and other zeolites. 
HS38 	Analcime-syenite vein, Howford Bridge Sill, NS515254. Coarse- 
grained rock with cpx, plag, io (fringed by biotite), aegirine, hbl, 
calcite and anaJc and other zeolitës. hbl and analc separated. 
HS41 	Microphyric basanite flow, Tarbolton Station, NS445254. III. 
ol 10% (altered), cpx 10% in a gmass of plag, cpx, io, ap and interst 
analc. 
HS46 	Macroporphyritic ol-basalt plug, Bell Craig, Great Cumbrae, 
NS162577. I. ol 5%, cpx 20%, plag 15%, 10 2% in a gmass of ol, cpx, 
plag, io and a little chl. 
HS47 	Trachyte dyke, Keppel Pier, Great Cumbrae, NS177546. Occasional 
af in a trachytic gmass of felds and some cpx and biotite. Stained 
by limonite and calcite present. Biotite separated. 
HS50 	Microphyric ol-basalt flow, Carmel Water, nr Kilmaurs, NS425417. 
III. ol 10% (altered), cpx 5% in a gmass of ol (altered), cpx, plag, 
io, ap, with- interst analc and chl. 
HS51 	Microphyric ol-basalt flow, nr mill on Annick Water, NS374423. 
II. ol 5% (altered) in a gmass of ol (altered), cpx, plag, io, ap 
and chl. 
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HS52 	Microphyric ol-basalt flow, Auchenharvie Castle, NS363443. 
III. ol 5% (altered) in a ginass of ol (altered),cpx, plag, 10, ap 
and chl. 	 - 
HS54 	Sanidine-trachyte intrusion, summit N. Eildon Hill, NT5 55330. 
Sanidine (cracked and reddened) and qtz in a gmass of sanidine, qtz, 
riebeckite (altered). Sanidine separated. 
HS56 	Sanidine-trachyte intrusion, Black Hill, NT585370. Sanidine 
10% (cracked and reddened) in a gmass of af, qtz and pyroxene (altered). 
Sanidine separated. 
HS58 	Picrite, Barnton, Edinburgh, NT201755. Medium.-grained ol-rich 
rock. Also present cpx, io, chi, biotite, analc and kaersutite. 
Biotite separated. 
HS59 	Teschenite, nr mouth of R. Almond, Ciamond, NT193772. Medium- 
grained rock with cpx, feids (replaced by anaic), 10, biotite, chl 
and hbl. Biotite separated. 
HS60 	Teschenite, Mons Hill Sill, Whitehouse Pt., NT147793. Medium- 
grained rock with cpx, felds (altered), anaic, io, chl, biotite, hbl 
and ap. anaic and biotite separated. 
HS62 	Qtz-dolerite, Ratho Sill, nr Edinburgh, NT134716. Felds 
(altered), opx (altered), cpx, io, qtz, gmass altered. cpx separated. 
HS63 	Dolerite, Kaimes Quarry, NT132665. II. ol 15% (altered), 
cpx 10%, plag.40%, io 5%, in a fine-grained gmass of plag, af with a 
little cpx, chlorophaeite, chl, io and glass. 
HS65 	Microphyric ol-basalt plug, Kincraig, NT4.66997. I. ol 10%, 
cpx 1% in a fine-grained gmass of cpx, plag, io, ap and glass. 
HS66 	Microphyric ol-basalt plug, Rires Craig, N0456043. I. ol lO%, 
cpx 2%, in afine-grained gmass of cpx, plag, ap, neph?, analc and glass. 
HS68 	Microphyric ol-basalt intrusion?, Blindwells, N0418039. II. 
ol 5%, io 1% in a gmass of cpx (titanaugite), plag, io, ap, analc and 
glass. 
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HS69 	•Ankaramite flow, Bents Farm, Chapelton, NS689478. II. ol 35% 
in a gmass of cpx, plag, af, io, ap and analc. 
HS71 	Mugearite flow, Cleughearn Burn, nr East Kilbride, NS628482. 
cpx, hbl (cores fresh), plag in a gmass of cpx, plag, af, 10 and chi. 
Nodules of basaltic hbl, ol, cpx and plag present. hbl separated. 
HS72 Microphyric ol-basalt flow, High Dam, nr Eaglesham, NS560510. 
III. ol 20% (altered), cpx 5% in a gmass of ol (altered), cpx, plag, 
af, ap, io and interst chl. 
- HS76 	Macroporphyritic ol-basalt flow, Caldergreen, nr Strathaven, 
NS646443. III. ol 5% (altered), cpx 5%, plag 15% (slightly altered), 
io 1% in a gmass of cpx, plag, io, ap and interst chl. 
HS78 	Benmoreite flow, High Alderstocks Quarry, nr Strathaven, NS608448. 
.Anorthoclase 15%, hbl 5%, minor plag, io, in a gmass of af (some altered), 
cpx, 10 and chi. Anorthoclase and hbl separated. 
HS80 	Mugearite flow, Browncastle Burn, nr Strathaven, NS618437. 
plag and af (partly altered) occasional cpx and hbl (altered) in a gmass 
of af and plag and some cpx. Felds separated. 
HS82 	Benmoreite flow, Brock Burn, nr Strathaven, NS632434. plag, 
anorthoclase and occassional hbl (cores fresh), cpx and ol (altered) 
in a gmass of plag, af, Ic and cpx. Anorthoclase and hbl separated. 
HS91 	Microphyric ol-basalt flow, Longmuir plantation, nr Linlithgow, 
NT023739. III. ol (altered), cpx, in a gmass of ol (altered), cpx, 
plag, Ic and glass (altered). 
HS94 	Basanite flow?, Kipps Hill, nr Linlithgow, NS985738. I. ol 
10%, cpx 3% in a gmass of cpx, plag, glass and analc. 
HS96 	Microphyric ol-basalt plug, Binns Tower, nr Linlithgow, NT053786. 
I. ol 15%, cpxlO%,plag 5%, in a gmass of ol (altered), cpx, plag, 
io and glass. 	 - 
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HS98 	Qtz-dolerite sill, North Queensferry, NT135806. Coarse-grained 
rock with cpx, opx, plag (partly altered), io, qtz and calcite. 
piag and cpx separated. 
HS101 Qtz-dolerite sill, Cambusbarron Quarry, nr Stirling, NS772922. 
Coarse-grained rock with cpx, opx, plag, io and qtz and felds in the 
mesostasis. plag and cpx separated. 
HS105 	01-dolerte intrusion, Dunmore, nr Fintry, NS606867. II. 
Medium-grained feldspathic rock with plag, ol (partly altered), cpx, 
io and minor chl. 
HS107 	01-dolerite intrusion, IJungoil, nr Fintry, N5635846. II. 
Medium-grained feldspathio rock with plag, ol (partly altered), cpx, 
io, ap and interst chl. 
HS109 Essexite intrusion, Lennoxtown, NS628794. Medium-grained rock 
with ol, cpx, plag, af, io, anaic, biotite, ap and neph. Biotite 
separated. 
HS110 Tholeiitic dyke, Kinkell, NS627761. cpx 30%, opx?, plag 30%, 
io 15%, in a gmass of glass, felds and a little chl. cpx, plag and 
glass separated. 
HS113 Hbl-picrite intrusion, Castle Craigs, Saltcoats-Ardrossan sill, 
NS226416. Not sectioned. hbl separated. 
HS115(b) Aphyric hawaiite flow, Kilbirnie Hills, NS245531. II. o  
(altered), plag (altered along cracks) in a gmass of cpx, plag, io, 
ap, interst chi and glass. 
HS116 Macroporphyritic hawaiite flow, Cock Law, Kilbirnie Hills, 
NS245535. III. ol (altered), plag 5% in a gmass of cpx, plag, io, 
ap, chl and carbonates. plag separated. 
HS117 Macroporphyritic hawaiite- flow, Blairpark, Renfrewshire Hills, 
NS245579. III. ol 5% (altered), plag 35% (chl and sericite along 
cracks) in a gmass of cpx, plag, 10, ap, chl and carbonates. plag 
separated. 
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HS121 01-dolerite intrusion, Craigie Sill, Craigie Hill Quarry, 
NS425326. I. ol 15%, cpx 10%, plag 30%, io 5% in a gmass of cpx, 
plag, af, io, ap and interst glass. 
HS122 01-basalt intrusion, Craigie Village, NS426321. TI. ol 10% 
(altered) in a gmass of cpx, plag, io and glass._ 
HS123 Biotite-teschenite intrusion, boulder nr Craigie, NS429329. 
felds (replaced by arialc) cpx, io and biotite. Biotite separated. 
HS125 Microphyric hawaiite flow, Arthurshiels Quarry, nr Carnwath, 
NT004414. ol 10% (altered), plag 5% in a gmass of cpx, plag, io, 
interst glass- (altered) and chl. plag separated. 
HS127 01-basalt intrusion, Kersemains Quarry, nr Carnwath, NT005476. 
I. ol 15%, cpx 15%,. io 2%, in a gmass of cpx, pla, io, biotite and 
interst glass. 
HS128 01-basalt flow, Hazeldean, nr Strathaven, NS737443. III. 
ol 25% in a gmass of cpx, plag (partly albitised and replaced by anaic?), 
io and interst analc. 
HS136 	Basanite flow, R. Ayr, NS454245. II. ol 20% in a gmass of ol, 
cpx, plag, io, neph?, af, ap, a little interst anaic and glass. 
HS140 Kylitic-essexite intrusion, Kilmein Hill, NS452112. ol and 
cpx 85% in a gmass of plag, biotite, analc and ap. Biotite separated. 
HS141 01-basalt dyke, Patna Hill, Patna, NS406109. II. ol 10%, 
some cpx in a gmass of ol, cpx, plag, io, interst analc, chi and calcite. 
HS142 	Teschenite sill, Polnessan Burn, nr Patna, NS430114. V. . cpx, 
felds (altered) in a base of anaic and other zeolites, io and calcite. 
HS143 Bekinkinite intrusion, Barshaw nr Paisley. From Tyrrell 
collection; see Tyrrell (1915). Amphibole separated. 
HS144 	Teschenite sill,. Necropolis, Glasgow, .NS605 655. Coarse-grained 
rock with cpx, plag (altered), anaic, biotite and io. Biotite separated. 
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HS145 	Teschenite sill, Cathcart Castle, Glasgow, NS587600. ol 
(altered),. cpx, plag (altered), io, analc, biotite, ap, neph and 
zeolites. Biotite separated. 
HS146(a) Dolerite sill, Craigmaddie, Milngavie, NS566759. V. cpx, 
plag (altered), io, chl, calcite, a little biotite. 
HS148 Microphyric ol-basalt intrusion, Meikle Caldon, NS492831. I. 
ol, plag in a gmass of cpx, plag, io and ap. Internal chilled margins. 
HS149 	01-basalt intrusion, Dumbarton rock, NS401743. II. ol 10%, 
plag 15%, io, ap and interst chl. 
HS151 Ankaramite flow, Lava III, Arthur's Seat, Edinburgh, NT276738. 
III. ol 10% (mainly altered), cpx (some altered) in a grnass of ol 
(altered), cpx, plag, io, chl, zeolites and carbonates. 
HS153 Ankaramite intrusion, Whinny Hill, Edinburgh, NT277733. II. 
ol 10%, cpx 15%, in a gmass of cpx, plag, io, af, chl, interst glass. 
and anaic. 
HS155 Macroporphyritic ol-basalt intrusion, Lion's Haunch, Arthur's 
Seat, Edinburgh, NT278727. II. ol 10%, cpx 10%, plag 20%, io 1% in 
a gmass of cpx, plag, io and chi. 
HS156 	Ouachatite dyke, Colonsay, Argyllshire. See Urry & Holmes (1941) 
for description. Biotite and amphibole separated. 
HS157 Monchiquite dyke, Carskeoch, nr Patna. See Tyrrell (1928a) for 
description. Amphibole separated. 
HS158 Ankaramite flow, Craiglockhart, Edinburgh, NT228702. IV. 
ol 5% (altered), cpx 20%, in a gmass of cpx, plag, io and calcite. 
HS160 Microphyric ol-basalt intrusion, The Binn, Burntisland, NT235868. 
II. ol 15% (some fresh), io 5%, in a gmass of cpx, plag, io, interst 
chi and anaic. 
HS161 Microphyric ol-basalt intrusion, nr The Binn, Burntisland, NS235870. 
III. ol 15% (partly fresh) in a gmass of cpx, plag, io and glass. 
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HS163 Phonolite, Traprain Law intrusion, NT5834750. See Upton & 
Macdonald. (1975) for description. 
A33 	Hawaiite flow, Campsie Fells, NS620318196.. III. ol 10% 
(altered), plag 50%, in a gmass of ol (altered), cpx, plag, lo, ap, 
chi and zeolites. 
A65 	Hawaiite flow, Campsie Fells, NS63688022. III. plag 15% in 
a gmass of ol (altered), cpx, plag (altered along cracks), io, ap, 
biotite, interst chl and glass 
B19/27 01-basalt flow, Campsie Fells, NS59518083. IV. ol 10% 
(altered), plag 35%, io 2%, in grnass of ol (altered), cpx, plag (some 
albitised), io, biotite, chi and calcite. 
ZP365 Hawaiite flow, Kilsyth Hills, NS75658338. I. ol 10% (altered), 
plag 30%, in a gmass of cpx, plag, 10, ap and a little chl. 
ZP369 Microphyric ol-basalt intrusion, Craigton, Fintry, NS63218660. 
I. ol 10%, cpx 10%, plag 30%, io 5% in a gmass of ol, cpx, plag, io 
and a little glass. 
ZP422 Microphyric ol-basalt intrusion, Garrel Burn, Kilsyth Hills, 
NS79547200. III. ol 25% -- (cores fresh), plag 20% in a gmass of cpx, 
plag, 10, chi and some carbonates. 
ZP423 Ankaramite intrusion, Bachille Burn, Kilsyth Hills, NS79207022. 
II. ol and cpx 35%, in a gmass of cpx, plag, io, ap and chl. 
Al 	Aphyric hawaiite intrusion, Durnbuck, N5419746. II. ol (partly 
fresh), cpx, plag, io, interst chl and some carbonates. 
TC16 	Basaltic intrusion, Dumgoyne, nr Strathblane, NS540827. II. 
(see Macdonald, 1975). 
MV13 	Microphyric hawaiite intrusion, Dunion Hill, nr Jedburgh, 
NT626191. II. ol 5% (some fresh), plag 20%, in a gmass of ol, cpx, 
plag, 10, interst chl and glass. 
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MV40B Aphyric basalt, Lurgie Craigs, nr Kelso, NT673397. III. 
ol 15%, cpx 10%, plag 25%, in a gmassof cpx, plag, io, interst chi 
and glass. 
MV49 	01-basalt intrusion, Blinkbonny Farm, nr Kelso, NT675386. I. 
ol 15%, cpx, io 5%, in a gmass of cpx, plag, io and a little interst 
glass. 
MV78 	Nepheline-basalt intrusion, Southdean, S. of Jedburgh. II. 
ol 20% (altered), cpx 10%; iol%, in a gmass of cpx, plag, io, analc, 
neph and bibtite scraps. 
MV114 Basaltic hawaiite intrusion, Borthwick Quarry, NT770545. III. 
ol 20% (altered in places), cpx 10%, plag 5%, io 5% in a gmass of cpx, 
plag, io, ap, interst chl and anaic. 
MV124 Macroporphyritic al-basalt flow, Arkleton Shiel, nr Langholm, 
NT407883. III. ol 5% (altered), cpx 10%, opx 1%, plag 20%, 10 1%, 
in a gmass of ol (altered), cpx, plag, ap and Ia. 
MV178 Microphyric ol-basalt intrusion, Hexpathdean, NT670470. II. 
ol 10% (mostly fresh) in a gmass of ol (altered), cpx, plag and a little 
glass. 
MV201 Aphyric ol-basalt flow?, Kilbride, Southend, Kintyre, NT718088. 
I. ol 25% (altered along cracks), cpx 35%, plag 30% in a gmass of ol, 
cpx, plag, af, interst glass, biotite scraps. 5% green minerals. 
MV217 Ankaramite flow, Bealloch Hill, Campbeltown-Southend road. II. 
ol 30% (altered along cracks to iddingsite and chl-smectite), cpx 30% 
in a gmass of ol (altered to chi-smectite), cpx, plag, af, 10, ap. 
chi developed along cracks and in mesostasis. 20% green minerals. 
MV222 Ankaramite flow, Eudan nan Gallan, Macrihanish, NR624204. II. 
ol (mostly altered) and cpx 50%, plag microphenocrysts, in a fine-grained 
ginass of ol, cpx, plag, 10 and minor chl. 20% green minerals. 
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MV224 Microsyenite intrusion, Davaar Island, Campbeltown Loch. 
Sanidine and a1bite-o1igocIase phenocrysts. Both masked by 
disseminated haematite in a gmass of af, plag, qtz, io and ap. 
Felds separated. 
MV226 Hawaiite flow, Saltpans, Macrihanish, NR634208. II. o1 15% 
(altered to iddingsite), plag 30%, io 5%, in a fine-grained gmass of 
ol (altered), cpx, plag, 10, ap and minor amounts of interst chl. 
MV400 Macroporphyritic 61-basalt flow, King Alexander's Craig, 
Pettycur, NT253865. II. ol 10% (altered), in a gmass of ol (altered), 
cpx, plag, io, and interst chi. 
MV407 Microphyricol-basalt flow, Kinghorn Ness, NT270862. III. 
ol 15% (altered), io 2%, in a ginass of ol (altered), cpx, plag, io 




The microprobe analyses of minerals in four basalts, MV201, 
MV226, HS11 and HS12, was obtained using the energy dispersive system 
with a cobalt standard on the Edinburgh Micros can-5 electron probe. 
The object was to gain an idea of potassium distribution in altered 
basalts. The analyses (Tables 111.1-4) are probably to within 10% or 
less. Where the total is less than 100% it is usually the result of 
H 2  0 in hydrous minerals such as chlorites. Several other analyses with 
low totals have been omitted because of inadequate stripping during 
the analysis. 
As the main interest was in potassium content, the electron 
beam was 'soft' focused in order to reduce volatilization effects. 
Hence several analyses, especially of groundmass minerals, do not reflect 
the correct mineral chemistry. 
Potassium distribution in one of the Kintyre basalts, MV217, 
was obtained by monitoring the K peak with a ratemeter. The main 
conclusions were that the groundmass alkali feldspars with about 6% 
K 
2  0 contained most of the potassium and that iddingsite, chlorite and 
other alteration minerals contained only a very minor amount of 
potassium. 
Sources of chemical data and its treatment 
Some 200 or so chemical analyses were collected from petrological 
papers published since 1910 (and mentioned in the bibliography) and 
from various Geological Survey Memoirs, including Guppy & Thomas (1931) 
and Guppy (1954). Only analyses of representative Dinantian basalts 
were collected as their chemistry has been recently reviewed by 
Macdonald (1975). 
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The CIPW norms for the analyses were calculated using standard 
Fe 203 values and on a CO2-free basis, the analyses being recalculated 
to 100%. The former is necessary because of the ubiquitous post-
formational oxidation in most Midland Valley basalts. This has the 
effect of increasing the amount of ferromagnesium minerals in the 
norm and decreasing the degree of silica-saturation. 
The standardised values of Fe 203 used are values recommended 
by Thomson et al. (1972) and Macdonald (1975) and are as follows: 
if Na20. +K20 < 4%;, then Fe 203 = 1.5% 
Na20 + K20 = 4-7%; Fe 203 = 2.0% 
Na20 + K 
2  0 = 7-10%; 	Fe203 2.5% 
A computer programme in BASIC was written to handle the calculations. 
TABLE 111.1 
Microprobe analyses of minerals from MV201, from Southend, Kintyre 
1 	2 	3 4 5 6 	7 8 9 10 11 
Si02 34.1 	37.5 	55.8 54.2 58.8 52.2 	57.8 46.9 58.2 62.3 60.1 
Ti02 1.7 	- 	- 
- 0.3 0.3 	0.3 5.1 0.3 0.4 0.7 
A12 03 8.0 	5.1 	28.8 29.2. 23.5 24.1 	24.0 9.7 24.9 21.4, 19.5 
FeO 20.8 	11.5 	0.5 1.22 0.8 3.1 	2.3 15.8 1.1 1.9 2.1 
MnO - 	 - 	
- 0.2 - - 	
- 0.4 - - - 
MgO 16.6 	14.4 	0.4 0.5 0.5 2.7 	1.9 8.1 0.8 1.5 1.6 
CaO 0.3 	0.5 	10.4 11.1 6.4 12.0 	8.5 12.2 6.3 4.4 5.8 
Na20 0.5 	1.4 	4.7 4.5 6.9 4.5 	5.6 2.9 7.1 7.0 6.2 
K 2  0 - 	 0.2 	0.4 0.3 1.5 0.5 	1.0 1.6 1.0 3.1 3.2 
Total 82.1 	70.6 	101.1 101.3 98.6 99.4 	101.5 102.5 99.7 101.9 99.1 
1. Iddingsite 7. 	Groundmass plagioclase 
2. Iddingsite 8. Groundmass plagioclase (badly focused) 
3. Plagioclase phenocryst 9. 	Interstitial phase (feldspar) 
4. Groundmass plagioclase 10. Groundmass biotite 
5. Groundmass plagioclase 11. 	Groundmass biotite 




Microprobe analyses of minerals from MV226, basalt flow from Macrihanish, Kintyre, 
1 2 	3 4 5 6 7 8 9 	10 11 
Si0 35.2 42.9 	56.8 54.3 50.2 55.3 52.1 54.6 55.6 	55.1 58.2 
T102 - - 	 - 0.2 - 0.4 - 0.2 0.2 	- - 
A1203 8.9 5.3 	27.8 
 11 
28.4 28.6 23.0 30.1 291 28.8 	28.3 26.1 
FeO 21.6 14.0 	0.3 0.8 0.5 2.5 0.6 0.6 0.6 	0.6 0.2 
MnO - - 	 - - - - - - - 	 - - 
MgO 13.3 14.5 	- - - 2.3 0.4 - - 	 - - 
CaO 0.6 1.0 	10.0 10.6 12.8 10.8 12.5 11.9 10.9 	11.2 8.3 
Na20 0.9 0.9 	5.2 4.7 3.8 4.7 0 5.1 5.1 	5.0 6.3 
K 2  0 - 0.1 	0.5 0.2 0.2 0.6 0.2 0.2 0.3 	0.2 0.8 
Total 	83.5 	• 78.7 100.5 99.2 96.1 99.6 100:3 101.7 101.5 	100.3 100.1 
1. Iddingsite 7. Groundmass feldspar 
2. Iddingsite 8. Groundmass feldspar 
3. Plagioclase phenocryst 9. Groimdmass feldspar 
4. Edge of 3 10. Gr,oundmass feldspar 
5. Plagioclase (edge) 11. Gromdmass feldspar 




Microprobe analyses of minerals in HS11, Passage Group lava, nr. Kilmaurs, N. Ayrshire 
1 2 3 4 5 6 7 .8 	91 10 11 
Si02 40.20 37.44 35.26 42.81 46.79 53.42 58.50 62.23 	66.10 65.30 66.16 
T±02 - 0.18 - - 0.74 - 0.24 0.47 	0.23 0.37 0.2 
A1203 	0.41 - 10.52 20.19 16.01 29.79 27.15 22.12 	21.56 21.02 19.72 
FeO 15.9 23.99 22.49 14.12 9.21 0.90 0.61 0.36 	0.81 0.46 0.50 
MnO - 0.34 0.20 - 0.17 - - - 	 - 
- 0.16 
MgO 41.52 34.88 20.36 6.91 8.37 - - - 	 - - - 
CaO 0.15 0.30 - 2.78 1.16 12.80 9.07 3.19 	2.06 2.07 0.74 
Na20 - - - 0.81 1.16 4.47 5.33 7.24 	7.26 6.85 5.89 
K 2  0 - - - 0.23 5.41 0.30 0.40 2.71 	4.40 5.10 8.32 
Total 98.19 97.18 88.82 90.54 89.00 101.68 101.30 99.32 	102.42 10].17 101.69 
1. Olivine 7. 	Groundmass plagioclase 
2. Olivine 8. Groundmass alkali feldspar 
3. Iddingsite 9. 	Groundmass alkali feldspar 
4. Chlorite .10. Groundmass alkali feldspar 




Microprobe analyses of minerals in HS12, Passage Group lava from Annick Water, nrKilmauirs, N. Ayrshire 
1 	2 	3 	4 	5 	.6 	7 	.8 	9 	10 	11 	12 	13 	14 
Si02 	36.60 33.21 35.99 33.62 33.75 34.60 48.32 51.88 52.27 	53.94 61.28 64.80 51.05 59.64 
Ti02 	9.34 	- 	0.27 	0.17 	- 	- 	- 	0.3 	- 	0.19 	0.46 	0.28 	- 	0.29 
A1203 	18.23 16.88 17.29 17.87 	9.89 15.38 	3.72 23.69 24.65 	28.50 21.43 19.72 17.41 18.85 
FeO 	1.81 22.57 18.93 23.99 23.35 12.32 16.00 	1.36 	0.27 	0.82 	0.90 	0.325.34 	2.71 
MnO 	- 	- 	- 	0.27 	- 	- 	- 	- 	- 	- 	- 	- 	- 	- 
MgO 	0.54 	8.92 	7.31 	9.25 18.65 22.79 17.46 	0.84 	- 	0.24 	0.20 	- 	3.84 .2.37 
	 0 
CaO 	1.54 	- 	1.01 	1.08 	0.17 	0.14 	0.94 	0.4 	0.65 	10.90 	3.07 	0.30 	0.56 	1.14 
Na20 	1.72 	1.15 	1.74 	0.48 	0.69 	0.67 	- 	12.0 	12.05 	5.0 	6.76 	4.60 	2.98 	4.26 
K 2 0 	0.49 	1.41 	3.20 	1.41 	- 	0.20 	0.29 	0.11 	- 	0.43 	3.99. 9.61 	7.61 	6.62 
Total 	70.27 84.15 85.73 88.15 88.51 86.11 86.75 90.65' 89.89 100.03 98.10 99.64 94.79 95.87 
Amorphous red patch in groundmass 	 8. 	Ana1ciie 
Groimdmass alteration: chlorite (+ clays) 	 9. Analcirne 
Groundmass alteration.: chlorite (+ clays) 10.. 	Plagióclase 
44 	Groundmass alteration: chlorite (+ clays) 	 11. Groundmass alkali feldspar 
Groundmass alteration: chlorite (+ clays) 12. 	Groundmass alkali feldspar 
Groundmass alteration: chlorite (+ clays) 	 13. Groundmass alkali feldspar (+ clay) 
Olivine alteration .(bowlingite) 	. 	 14. 	Groundmass alkali feldspar (+ clay) 
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